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AUTHOBS*  NOTE 


The  diffusion  burning  of  lipids  is  of  g^eat  theoretiesl  Interest 
and  of  considerable  iniiortance  to  the  national  econoBy.  The  authors  have 
confined  thenselves  to  a  discussion  of  the  diffusion  bmning  of  liquids 
in  tanks. 

In  the  last  fifteen  years  a  considerable  aaount  of  experimental 
and  some  theoretical  material  bearing  On  the  {thysice  of  the  combustion 
of  liquids  in  tanks  has  been  accumiilated;  unfortunately «  it  has  not  been 
«ldely  published.  Accordingly,  there  arose  a  need  for  colleOting  and  ' 
generalizing  the  results  obtained.  In  writing  this  book  the  authors  have 
i»de  use  of  all  the  material  On  the  subject  with  which  they  are  familiar. 

The  first  part  of  the  book  is  devoted  to  questions  connected  tlth 
the  flammability  and  ignition  Of  liquids.  In  this  section  an  important 
place  is  Occupied  by  a  description  of  the  properties  of  mixtures  of  liq¬ 
uids^  Without  this  information  it  would  not  be  possible  to  ei^lain  a 
number  of  phenomena  observed  in  the  ignition  and  burning  Of  nixtures  of 
liqii^ds.  The  same  knowledge  is  also  necessary  for  the  Correct  interpret¬ 
ation  of  certain  laws  governing  temperature  distilbution  in  burning  liqu¬ 
ids. 

The  second  part  is  devoted  to  the  burxdng  of  liquids.  The  prob¬ 
lems  investigated  include  those  comxected  with  the  shape  and  dimensions 
of  the  flame,  pulsations,  temperature,  radiation  end  various  combustion 
regimes.  A  description  is  given  of  the  change  in  the  composition  of 
liquids  during  eombustion  and  the  results  of  measvnmDents  of  bumup  rates 
are  discussed.  An  important  place  in  this  second  part  is  occu|d.ed  by 
an  examination  of  the  temperature  distribution  in  burning  liquids  and  by 
an  ejqplanation  of  the  reasons  for  the  appearance  and  development  of  a 
hot  hompthermic  layer  in  burning  gasoline,  petroleum  and  certain  other 
liquids.  Ihis  section  concludes  with  a  consideration  of  the  results  of 
investigations  into  the  problem  of  the  ejection  of  a  burning  liquid  dur¬ 
ing  combustion  and  the  serious  consequences  that  may  ensue. 

The  third  part  of  the  book  consists  of  a  discussion  of  the  mechan¬ 
ism  of  extingiJ^shi^  the  flames  from  liquids  in  tanks  by  means  of  foam, 
spr^s  of  water  and  combinations  of  various  means. 

A  considerable  part  of  the  data  reproduced  In  this  monograph  was 
obtained  in  current  research  at  the  laboratory  for  the  Intensification  of 
fuel  processes  of  the  i^ergetics  institute  of  the  A$  yss$t  and  at  the  heat 
physics  laboratory  of  the  Central  Scientific  Research  Institute  for  Fire<!' 
lighting  (TsNIIPp). 

In  addition  to  the  authors  this  group  of  workers  includes:  I. I. 
Petrov,  V.Ch.  Reutt,  L.A.  Volpdina,  I.V.  Gerasimov  and  N.V,  dbukhove. 

Our  monograph  inakes  use  of  the  work  of  G.N.  Khudyakov,  carried  put 
in  the  PtiN,  of  V.l.  Blinov  and  eowoz^kers  at  the  l^ningrad  Institute  of 
A^ation  Instrumentation  and  of  recent  work  by  V.l.  Blinov  «^d  G.N.  Khud- 
yakpv. 
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It  also  utilizes  the  results  of  a  series  of  investigations  into 
the  extinGtiott  of  flames  from  liquids  carried  out  by  1. 1.  Petrov,  V.Ch. 
fieutt  and  coworkers  of  the  heat  physics  laboratory  of  the  TsNIIPO. 

Finally,  the  book  also  incorporates  the  work  of  the  Bakinsk 
laboratory  of  the  TsNIIFO  and  investigations  carried  out  abroad. 

The  first  part  bf  the  book  was  written  by  V.I.  Blinov  alone, 
the  second  and  third  parts  by  him  in  co-authorShip  with  GiN.  Khudyakov. 
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Part  One 


THE  FLftlTOTNQ  AND  IGNIOIOH  OF  LIQUIDS 


1.  Flash  Point  and  Iggltlon  Temperature  of  a  Liquid 

The  burning  of  a  liquid  is  preceded  by  flashing  and  ignition. 

We  shall  therefore  begin  by  examining  the  fundamental  characteristics  of 
these  ^enomena. 

If  isdamyl  alcohol  is  poured  into  a  test  tube  and  slowly  heated 
and  a  small  flame  is  then  approached,  at  a  certain  temperature  the  mixture 
of  alcohol  vapor  and  air  will  flash.  This  temperature  is  ordinarily  called 
the  flash  point.  It  defines  the  lower  limit  of  flashing. 

If  the  alcohol  is  heated  further  and  a  flame  again  approached,  the 
mixture  will  again  catch  fire.  The  lowest  temperature  of  the  liquid 

at  which  the  mixture  continues  to  bum,  is  called  the  ignition  jjoint  of 
the  liquid. 

If  the  source  of  heat  is  removed,  the  flame  forming  at  the  ignition 
point  is  not  extinguished.  The  temperature  at  the  surface  of  the  liquid 
rises  okding  to  the  heat  from  the  flame  aind  reaches  a  definite  value.  We 
shall  call  this  temperature  the  temperature  of  the  burning  liquid.  The 
temperature  of  the  liquid  during  burning  is  close  to  the  boiling 

point  of  the  liquid  but  somewhat  lower  than  the  latter. 

If  a  combustible  liquid  is  heated  in  a  closed  vessel,  the  cover 
lifted  slightly  from  time  to  time  and  a  flame  brought  up  to  the  opening, 
then  on  reaching  the  flash  point  the  mixture  of  vapor  eind  air  will  flash. 

If  the  experiment  is  continued,  then  flashing  %#ill  occur  even  at  higher 
temperatuu?es,  xintil  the  upper  limit  of  flashing  is  reached.  At  temp- 

XX/ 

eratures  above  this  limit,  the  mixture  of  vapor  and  air  in  the  vessel  will 
not  ignite,  but  a  flame  of  buzning  vapor  may  form  at  the  opening.  The 
vapors  of  burning  liquids  and  air  form  mixtures  %^qh  at  given  concentrations 
explode.  At  concentrations  below  the  lower  Unit  the  mixture  does  not 
flash  and  does  not  bum,  within  the  concentration  limits  flashing  is  ob¬ 
served,  while  above  the  upper  limit  we  get  mixtures  that  do  not  explode 
but  may  bum  in  air  when  v  > 

Thus,  the  flash  point,  is  lower  than  the  ignition  point 

The  ignition  point  is  lower  than  the  temperature  of  the  burning  liquid  /»5^. 

The  upper  limit  of  flashing  is  also  lower  than  >1^.  As  already  pointed 

out,  the  temperatiu’e  of  the  liquid  during  burning  is  close  to  the  boiling 
point  of  the  liquid 
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If  the  flash  point  is  low,  the  ignition  point  will  only  be  slightly 
different.  If  the  flash  point  is  high,  the  ignition  temperature  may  con¬ 
siderably  exceed  the  latter.  This  is  obvious  from  the  data  given  be low 
(in  ®G)  for  gasoline  and  lubricating  oil; 


Boiling  point 
Flash  point 
Ignition  point 


Flash  point 
Ignition  point 
Difference 


Gasoline 


60-70 

70-88 

-39 

-45 

-34 

-42 

Lubricating 

Oil 

185 

150 

212 

186 

27 

36 

80-115  100-150 

-21  +10 

-19  +16 


215  285 

265  544 

50  59 


Note  also  the  flash,  boiling  and  ignition  points  (in  ^0)  of  ethyl  alco¬ 
hol,  n-butyl  alcohol  and  acetone: 


Flash 

Upper 

Ignit¬ 

Boil¬ 

point 

limit  of 

ion 

ing 

flashing 

point 

point 

Ethyl  alcohol 

+10 

+4l 

69-76 

78 

n-butyl  alcohol 

+34 

+61 

105 

117 

Acetone 

-20 

+7.5 

55 

56 

2.  Instruments  for  Determing  Flash  atnd  Ignition  Points 

The  same  instruments  are  usually  used  for  determining  both  flash 
and  ignition  points  /I, 2/.  Since  these  points  depend  on  the  experimental 
conditions,  the  latter  are  kept  strictly  constant. 

The  ignition  and  flash  points  are  sometimes  determined  by  the 
Brenken  method  (Fig.  1).  This  requires  a  porcelain  crucible  6,4  cm  in 
diauneter  and  4,7  cm  deep.  The  test  liquid  is  poured  into  the  crucible, 
until  the  level  is  1,2  cm  belpw  its  edge.  The  crucible  is  then  placed 
in  a  sand  bath.  Between  the  bottom  of  the  crucible  and  the  bath  there 
must  be  a  thick  layer  of  sand  and  the  level  of  the  liquid  in  the  crucible 
and  that  of  the  sand  in  the  bath  must  be  the  same.  A  thermometer  is  intro¬ 
duced  into  the  liquid.  The  bath  is  heated  so  that  the  temperature  in  the 
crucible  rises  at  not  more  than  3-4®  a  minute.  Every  half  minute  a  small 
flame  4-5  mm  long  is  moved  towards  the  edge  of  the  crucible.  The  flame 
must  remain  at  the  edge  of  the  crucible  for  no  more  than  2  seconds.  The 
temperature  at  which  flashing  is  observed  is  the  flash  point  of  the  liquid 
in  question.  If  heating  is  continued,  on  reaching  the  ignition  point  a 
flame  will  be  formed. 

By  means  of  special  instruments  the  flash  and  ignition  points  can 
be  deteimtined  with  greater  precision.  The  Abel-Pensky  instrument  is 
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used  if  the  flash  point  is  less  than  30”*  and  the  Pensl^-Martens  instru¬ 
ment  if  the  flash  point  is  greater  than  In  these  instruments  the 

liquid  is  heated  in  closed  ▼easels  With  small  openings  in  the  lids.  These 

openings  are  closed  with  a  slide.  During  the  test  the  slide  is  opened  and 

a  small  flame  moved  up  to  the  opening.  The  vessels  are  fitted  with  agit¬ 
ators  for  miadLng  liquids. 

The  flash  points  of  lubricating  oils  are  determined  in  a  KarkuSson 
instrument «  similar  to  the  BrSnken  apparatus  but  with  a  different  size  of 
cup. 

Flash  points  determined  by  closed  cup  methods  are  always  somewhat 
lower  than  the  corresponding  points  Ctn  *G)  obtained  by  open  cup  techn¬ 
iques.  Thus, 

Flash  Point 


Petroleum 

Closed  Cup 

30 

Open  Cup 

46 

Hazttt 

96 

119 

Solar  oil 

148 

160 

Machine  Oil 

196 

212 

Cylinder  Oil 

215 

236 

The  flash  points  of  many  substances  will  be  found  in  reference 

works 

We  must  again  stress  the  fact  that  the  flash  and  ignition  points 
depend  on  the  experimental  conditions.  4^^  and  cannot  be  treated 

aS  if  they  were  physical  constants. 


3.  Flash  Point  of  Liquids  and  Limits  of  Ignition  of  Mixtures 

In  mixtures  of  vapor  and  ai**  over  a  liquid,  formed  at  temperatures 
of  the  liquid  below  the  flash  point  amd  above  the  upper  limit  of  flashing 
a  flame  cannot  spread  and  embrace  the  entire  mixture.  Thus,  the  temper¬ 
atures  and  are  connected  with  the  concentration  limits  of  ig¬ 

nition  of  mixtures  of  vapor  and  air  or,  in  other  words,  with  the  limits 


of  flame  propa^tion  mixtures, 
connecting  and  and  the 

The  limit  of  ignition  h  of 
formula: 


It  is  easy  to  establish  the  relation 
limits  of  ignition  k . 

a  mixture  can  be  determined  from  the 


k  — 


100, 


(1.1) 


where  V  is  the  volume  of  vapor  and  V„  the  volume  of  air  for  a  mixture  of 
limiting  composition. 

If  by  p^  and  p^  we  denote  the  partial  pressures  of  vapor  and  air  in 
the  mixture,  by  p^  the  atmospheric  pressure  and  by  the  vplyme  of  mixture 
obtained  for  the  pressure  p^,  then,  in  accordance  with  the  Boyle'^Mariotte 
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Fig.  1:  Brenken  apparatus  for  determining  the  flash  and 
ignition  points  of  liquids. 


law,  we  can  write: 


=  PoVy  and  p,Vo  =  PoV, 


(1.1a) 


From  (1.1)  and  (1.1a)  it  follows  that  the  limit  of  ignition  k  is 
equal  to 


ft  = 


P  4-P, 
V 


•  100. 


(1.2) 


and  the  partial  pressure  of  the  vapor  is  equal  to  the  maturated  vapor 
pressure  *  at  the  flash  point.  If  p^  =  760  mm,  then  ' 

K  »  7.6  k  (1.5) 

i.e.  the  saturated  vapor  pressuz^e  at  the  flash  point  is  equal  (at 
normal  atmospheric  pressure)  to  7.6  k . 

Table  1.1  shows  that  relation  (1.3)  is  in  good  agreement  with  ex¬ 
periment. 


f 

If.  Autoignition  and  Forced  Ignition  of  Gas  Mixtures 

The  flashing  of  liquids  is  a  special  case  of  the  ignition  of  mix¬ 
tures  of  gases.  Experience  shows  that  two  kinds  of  ignition  are  possible. 

In  the  first  the  whole  of  a  given  mixture  is  brought  to  a  certain  temper¬ 
ature,  above  which  it  ignites  spontaneously.  In  the  second  a  cold  mixture 
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Tatbl* 


Iiower 
limit  of 
ignition 
kg,  exper. 

Lower  limit  of 
flashing 

Dj^er 
limit  Of 
ig^tion 

Upper  limit  cf 
flashing 

exper. 

from  (1.5) 

exper. 

from  (1.3) 

Benzene 

1.3 

-12 

-11.5 

+12 

+12 

Methyl  alcohol 

3.5 

- 1 

-  1.5 

-  . 

- 

Ethyl  " 

2.6 

+10 

+  ,s 

- 

- 

- 

Butyl  " 

1.7 

+35 

+35 

8e0 

+62 

+60 

Acetone 

2.55 

-19.8 

-20 

- 

Toluene 

1.3 

+  5 

+  6 

7.0 

+38 

+  58 

Aniline 

1.58 

+71 

+71 

- 

- 

- 

Diethyl  ether 

1.2 

-45 

-49 

- 

- 

- 

*  all  temperatures  in  “C. 


is  ignited  only  at  a  certain  point  in  space  by  means  of  a  Mgh*temperature 
source  and  the  rest  of  the  ^xture  ignites  without  outside  interference 
thanks  to  the  spreading  of  the  combustion  zone.  Thust  we  can  talk  about 
spontaneous  and  forced  ignition. 

Flashing  is  usually  brought  about  by  means  of  some  kind  of  source 
and  may  therefore  be  classed  as  an  example  of  forced  ignition. 

The  theory  of  forced  ignition  has  been  sufficiently  well  explored. 
Before  discussisig  it,  we  shall  return  to  the  question  of  autoignition  of 
gas  mixtures,  since  even  forced  ignition  involves  spontaneous  ignition 
in  the  first  stage. 

The  thermal  theory  of  autoignition  was  first  proposed  by  Academician 
N.N.  Semenov  /5/.  This  theory  consists  in  the  following.  Suppose  the 
inflammable  li.quid  under  investigation  is  placed  in  a  vessel  of  volume  V 
and  the  temiperatiu'e  T  of  the  walls  of  the  vessel  is  kept  constant.  A 

chemical  reaction  will  take  place  in  the  mixtxu*e.  We  shall  assume  that 
the  temperature  in  the  vessel  is  everywhere  the  same  and  equal  to  T  and 
that  the  reaction  velocity  to 

-  n  A) 

w  =  k^'>e  /ti" ,  VJ-.t; 


where  c  is  the  oxygen  concentration; 

n  the  order  of  the  reaction; 

B  the  universal  gas  constant; 

E  the  activation  energy; 

T  the  temperature  of  the  gas. 

If  the  thermal  effect  of  the  reaction  is  q, 
of  heat  in  the  vessel  will  be  equal  to 


the  rate  of  liberation 


=  q/5oC''exp 


(1.5) 
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Part  of  the  heat,  liberated  as  a  result  of  the  reaction,  goes  to 
heating  the  mixture  and  part  is  released  into  the  surrounding  medium.  The 
amount  of  heat  lost  td.ll  be  equal  to 

=  a  (r  -  To)  S.  (1.6) 


where  a  is  the  heat-transfer  coefficient; 

S  the  surface  area  of  the  vessel  walls. 


In  order  to  explain  under  what  conditions  the  i|ixture  will  ignite 
spontaneously,  we  turn  to  Fig.  2,  in  which  the  temperature  T  is  plotted 
against  the  quantity  of  heat  liberated  and  removed  per  unit  of  time  q  . 
The  three  curves  q2(T)  correspond  to  different  values  of  T^. 

Under  steady-state  conditions  q^  will  be  equal  to  q2  and  the  cor¬ 
responding  temperature  will  be  equal  to  the  abscissa  of  the  points  of 
intersection  of  the  curves  qi(T)  and  q2(T).  It  is  dear  from  the  figure 
that  in  Certain  caSee  the  curves  intersect  in  two  points  and  sometimes  in 
one. 

Let  us  consider  the  first  of  these  two  possibilities.  The  mixture 
is  heated  from  an  initial  temperature  T^.  Heating  is  interrupted  and  the 

mixture  enters  a  state  of  equilibrium  when  the  temperature  of  the  gas  is 
equal  to  T  ,  corresponding  to  the  lower  point  of  intersection  "a"  of  the 

cl 

curves  q^  and  q2.  This  regime  will  be  a  stable  one.  The  second  point  of 

intersection  "b^'  lies  in  a  region  of  higher  temperatures  and  in  this  case 
the  thermal  regime,  as  it  is  easy  to  see,  will  be  unstable:  oh  departing 
from  the  state  corresponding  to  point  "b" ,  the  system  does  not  return  to 
"b",  but  moves  further  away  from  this  state. 

When  the  temperature  T^  of  the  walls  of  the  vessel  is  raised,  the 

curve  q2  will  be  displaced  to  the  right,  and  the  value  of  the  stationary 


temperature  T  will  increase  smoothly  and  continuously. 

fit 


At  a  certain  wall 


temperature  the 


curves  qj^(T) 


and  q2(T)  will  touch,  as  with  the  center 


curve  in  Fig,  2.  The  tangent  point  c  of  the  curves  will  be  the  point  mark¬ 
ing  the  limit  of  existence  of  the  stationaiy  regime.  If  there  is  an  in¬ 
crease  in  the  wall  temperature  above  T^g,  no  matter  how  small,  stationary 


conditions  will  not  be  preserved  and  there  will  be  a  sharp  rise  in  the 
temperature  and  hence  in  the  rate  of  combustion  of  the  mixture.  The  phen¬ 
omenon  consisting  in  the  transition  from  a  slowly  proceeding  reaction, 
accompanied  by  insignificant  heating,  to  a  violent,  progressively  accel¬ 
erating  combustion  of  the  mixture  will  also  be  a  phenomenon  of  auto- 
ignition  or  a  "thermal  explosion". 

We  would  get  a  picture  similar  to  that  described,  if  the  heat  treuis- 
fer  conditions  remained  invariable  and  the  reaction  velocity  changed  with 
changes  in  the  concentration  c  or  the  pressure  p  (Fig*  5)* 

Let  us  know  consider  the  quantitative  relations  characterizing  the 
phenomenon  of  autoignition  of  gas  mixtures. 


8 


At  the  tahi^iit  point  and  and  their  tempez^ture  derimtivee 

ard  equal.  Thuus*  for  the  critical  condition  the  foiloidnis  reiatiohS  Mill 
hold: 


and 


exp =  «  (r,  -  J**)  s 


(1.7) 

(1.8) 


Fig.  2 


On 


the  left  hand  ^d  right  hand  aides  of  these  equations,  we  get 

E 


Rfl 


(r,-r„)  =  i 


or 


7l-|-r.+fr«  =  Q. 


Vfhence 


In  the  last  fqniMla  the  tfjinue  sign  in  front  of  the  square  root 
corresponds  to  the  ignition  point. 

B 

Since  usually  ^  »  the  expression  under  the  root  sign  can 

be  replaced  with  a  series  e3q)ansion  and  we  can  limit  oiurselvee  to  its 
first  three  terms.  We  shall  then  hare 
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amd  finallar 

DT* 

r.=>t«  +  -^.  .  (1.9) 

I^pom  (1.9)  it  is  clsar  that  the  autoi^tion  point  Tg  differs  only 

subtly  from  the  temperature  of  the  medium.  In  certain  eases,  therefore, 

we  can  take  $  instead  of  To,  without  too  serious  an  error.  We  shall  use 
o  <0 

T  in  (1.8),  rewriting  it  in  the  form: 
o 


>1-  .sRT- 

qknVc^e  —  — g — . 

This  last  relation  links  the  composition  of  the  mixture  with  the 
ignition  point.  If  we  put  n  ■  2,  Tg(c)  will  give  a  curve  (Fig.  4)  repres¬ 
enting  the  boundary  of  the  e3q>loSive  ref^on.  Thus,  it  follows  from  the 
theory,  in  full  accord  with  experiment,  that  not  every  mixture  can  ignite 
and  that  the  only  mixtures  that  do  are  those,  the  composition  of  which  lies 
within  the  corresponding  lisdts  of  eoneentration.  These  lifting  concen"- 


trations,  moreover^  correspond  to  the 
of  liquids. 


Fig.  4;  Ignition  point  as  a 
function  of  the  percentage 
composition  of  the  mixture 
for  constsnt  pressure. 

Top:  "e^loeive  region". 


upper  and  lower  limits  Of  flashing 


The  phenomenon  of  antoigniti...  an  aleo  be  explained  in  tenufs  of 
the  so-called  chain  theory.  This  theory  was  developed  by  H.N.  Semenov 
and  his  coworicers  and  is  discussed  in  Semenov’s  monograph  /5/* 

An  analysis  of  the  experimental  data  shows  that  in  certain  cases 
autoignition  has  a  thermal  character  and  in  others  a  chain  character.  In 
what  foUows  we  shall  confine  ova's :s.tc  questions  relating  to  the  thermal 
theory  of  ignition. 

In  forced  ignition  only  a  small  volume  of  the  medium  is  heated.  This 
is  done  by  introducing  into  the  mixture  either  an  incandescent  body,  a  flame 
or  a  speurk.  Essentially,  the  process  of  autolgnition  and  that  of  forced 
ignition  are  the  same,  but  the  latter  is  more  cooiplex.  In  forced  ignition 
the  critical  conditions  are  also  linked  with  the  properties  of  the  source 
and  the  conditions  of  propagation  of  the  flame. 

For  an  e3q>lanation  of  the  mechanism  of  the  ignition  of  a  mixture 
by  an  incandescent  body  let  us  turn  to  the  reasoning  of  van't  Hoff  /6/. 

We  shall  assme  that  the  temperature  at  the  surface  of  a  body,  immeirsed 

in  a  gaseous  medium  and  acting  as  a  sotu'ce  of  ignition,  is  higher  than  the 
temperature  of  the  gas,  but  lower  than-  the  temperature  at  idiich  the  mlkture 
Ignites.  In  an  inert  medium  the  distribution  of  temperature  T  close  to  the 
wall  is  depicted  by  curve  a^  (Fig.  5)  *  In  a  medium,  in  which  a  chemicmil 

reaction  can  proceed,  the  curve  T(s)  will  lie  (owing  to  the  liberation  of 
heat)  somewhat  above  a^  and  will  ^ve  a  shape  similar  to  that  of  b^  in  Fig. 

5- 

If  the  temperature  of  the  body  is  raised,  then  in  an  inert  medium 
it  td.ll  fall  more  qvdekly  than  in  the  preceding  ease,  and  is  represented 
by  the  curve  similar  to  a^,  while  in  a  reactive  medium^  owing  to  the 

increase  in  reaction  velocity  with  increase  in  temperature,  the  curve  T(z} 
at  the  wall  will  fall  more  slowly  than  in  the  preceding  case,  and  there 
will  esdst  a  temperature  of  the  body,  at  which  the  temperature  of  the 

reacting  gas  will  not  fall  on  moving  a%Miy  from  the  source,  even  close  to 
the  latter,  ahd  the  curve  T(z)  will  then  zun  parallel  to  the  abscissa. 

If  the  temperature  of  the  hot  body  is  further  increased,  the  temperature 
of  the  reacting  medium  will  progressively  rise  with  increase  in  z,  until 
the  combustible  mixture  of  gases  ceases  to  ignite.  The  temperature  T2 

will  be  the  critical  temperature,  analogous  to  the  ignition  point  in  the 
process  of  autolgnition. 

Thus,  as  Ya.B.  Zel'dovlch  /?/  also  shows,  the  limiting  critical 
condition  of  forced  igzvLtlon  should  be  viritten  in  the  form: 

(dT*  \ 

where  CT  Indicates  that  the  temperature  gradient  relates  to  the  layer 
at  the  surface  of  the  wall  (source).  This  condition  shows  that  from  the 
mpawnt  the  temperature  of  the  source  reaches  a  certain  critical  value,  the 
source  ceases  to  take  part  in  the  process,  which  is  now  determined  by  the 
conditions  in  the  layer  of  gas  in  contact  with  the  very  hot  body. 
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Experimantal  data  show  that  in  f  ..J  i.gnition  the  critical  temp¬ 
era  tujre  may  exceed  the  autoignition  point  of  the  mixture.  .This  is  because 
the  gas  temperature  quickly  falls  as  one  moves  away  from  the  siurface  of 
the  hot  body,  and  the  concentration  of  combustible  substance  close  to  its 
surface  is  lower  than  in  the  rest  of  the  medium  (owing  to  the  chemical 
reaction).  There  are  oases  where  a  reaction  proceeds  at  the  hot  body,  but 
the  flame  is  not  propagated. 

Convincing  proof  of  the  important  part  played  by  the  impoverishment 
of  the  combustible  layer  close  to  the  incandescent  body  is  to  be  found  in 
the  fact  that  ga.s  mixtures  are  harder  to  ignite  with  a  body  that  acts  as 
a  catalyst  for  the  mixture  in  question.  In  this  case  the  8\irfaoe  reaction 
is  more  intense,  and  the  concentration  of  reacting  gases  close  to  the  sur¬ 
face  falls  more  shairply  than  it  would  for  a  noncatalytic  sxirface.  Accord¬ 
ingly,  the  temperature  of  the  surface  rises  significantly,  but  the  dis¬ 
tribution  of  temperature  and  concentration  in  the  gas  are  such  that  the 
ignition  conditions  become  less  favorable. 

In  forced  ignition  the  cxdtical  temperature  depends  on  the  dimensions 
of  the  source.  This  was  the  subject  of  investigations  by  Silver  and  Pater¬ 
son  /8,9/»  who  studied  the  ignition  of  gas  mixtures  by  means  of  balls  of 
different  diameters  dropped  into  the  mixture.  Fig.  6  shows  the  results 
of  Silver's  experiments  with  illuminating  gas.  It  is  evident  from  the 
figure  that  the  ignition  temperature  falls  with  increase  in  the  diameter 
of  the  balls.  Paterson  has  shown  that  the  igi^tion  point  essentially 
depends  on  the  rate  of  fall  of  the  balls. 


Fig.  6:  Ignition  point  as  a  fimction  of  the  diameter  of  the  ball. 


These  results  may  be  attributed  to  the  fact  that  the  temperature 
distribution  close  to  the  source  depends  on  the  size  and  rate  of  motion 
of  the  latter. 

The  first  attempt  to  provide  a  theory  of  the  ignition  of  gas  mix¬ 
tures  by  a  hot  body  was  made  by  Silver.  Ya.B.  Zel'dovich  /?/  has  offered 
a  more  rigorous  solution  of  the  problem. 

We  shall  consider  the  problem  for  the  very  simple  case  in  which 
a  combustible  gas  mixture  lies  between  two  infinite  plane  parallel  walls. 

We  shall  assume  that  one  wall  is  at  the  temperature  T  ,  while  the  other  is 

s 


held  at  the  temperature  and  that  The  temperature  distrlhution 

in  the  gaa  «illl  only  be  8te«i<«^ ,  if  the  temperature  of  the  heated  wall  does 
hot  exceed  the  critical  ralue.  As  already  noted,  under  critical  conditions 


'•  dz  'CT  * 


0. 


We  shall  find  the  temperature  distribution  in  the  gas  by  solving  the 
equation  of  thermail  conductivity,  tdiich  in  this  case  for  the  steady  state 
can  be  Written  in  the  following  form: 

+  =  (1.12) 


where  X  is  the  thermal  conductivity  of  the  gas,  q  the  Q-value  and 
«  the  reaction  velocity. 

OJ  =  AoC"€Xp(— 

We  shall  introduce  the  new  variable 


y 


dz 


and  write  equation  (1*12)  so  that 


^  _  qw 

^  dr  r  • 


(1.13) 


On  integrating,  we  get 


Whence  it  follows  that  the  heat  flux  in  the  gas 


Since  the  reaction  velocity  m  depends  heavily  on  the  temperature, 

the  reaction  in  the  gas  between  the  walls  will  be  practically  limited  to 

a  narrow  layer  6  adjacent  to  the  heated  tuall.  Inside  this  layer,  under 

conditions  close  to  the  critical,  T  -  T  will  be  snull  compared  %rith  T  ; 

8 

accordingly,  without^ too  serious  an  error  we  can  assiime  that 
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and  that 

_  n  li 

HT  ~-wi 
e  e  ^  ^ 


(1.14) 


Sttbstitating  (1.14)  in  (1.13) «  integrating  and  bearing  in  mind  that  under 
critical  conditions  condition  (1.11)  must  be  fulfilled,  we  get 


(r.-n 


When  -  T  varies  by  tens  of  degrees, 


exp 


r  (Tg-  T)  E  - 


changes  from  1  to  0.4 .  Hence  outside  the  zone  h  the  value  of  y 
differs  little  from 


Thus,  the  heat  flux  from  the  reaction  zone  will  be  equal  to 

Under  steady nstate  conditions  this  heat  flux  can  be  represented,  without 
serious  error,  by 


Hence  it  follows  that  for  steady-state  conditions 


RT\ 


(1.15) 


Relation  (1.15)  establishes  the  dependence  of  the  critical  parameters 
and  the  conditions,  under  which  ignition  occurs,  on  the  dimensions  of  the 
vessel. 

A  more  complete  and  rigorous  theory  of  ignition  has  recently  been 
advanced  by  L.N.  Khitrin  and  S.A.  Gol'denberg  /lO/. 

Spark  ignition  is  a  more  complex  phenomenon  than  hot-body  ignition. 

A  spark  is  characterized  by  intense  local  excitation  of  the  molecules, 
which  become  ioxiized.  At  the  same  time  a  spark  causes  a  sharp  local  in¬ 
crease  in  the  temperature  of  the  gas.  A  spark  may  be  considered  as  a 
special  kind  of  gaseous  incandescent  body.  This  is  the  reason  for  the 


( 
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existence  of  two  theories  of  spark  ignition,  the  ionic  and  the  thermal. 

It  is  clear  that  the  thermal  aspect  of  the  phenomenon  has  great  importance, 
since  the  conditions  at  the  flame  front,  remote  from  the  source  of  ignition, 
are  decisive. 

In  spark, ignition  for  each  mixture  there  is  a  certain  minimum  spark 
power,  starting  from  which  the  mixture  will  ignite.  This  power  depends  on 
the  composition  of  the  mixture,  the  pressure  and  the  temperature.  The  nat¬ 
ure  of  the  dependence  of  the  spark  power  on  the  composition  of  the  mixture 
is  shown  in  Fig.  7.  For  each  gas  there  is  a  minimum  of  the  minimum  powers, 
for  which  a  given  gas  cannot  be  ignited  for  any  mixture  of  itself  and  air. 
For  a  given  spark  power,  in  excess  of  the  minimum,  there  are  two  values  of 
the  composition  of  the  mixture  that  are  limiting  values.  Outside  these 
limits  ignition  is  impossible,  and  between  these  limits  any  mixture  will 
ignite. 

As  the  Spark  power  increases,  the  limits  of  ignition  progressively 
spread,  as  shown  in  Fig,  8,  and  tend  to  a  certain  limiting  value.  The 
spark,  for  which  the  critical  conditions  of  ignition  are  not  dependent 
on  a  further  increase  in  power,  is  called  the  saturation  spark. 


Fig.  7:  Minimum  spark  power 
capable  of  igniting  mixture 
as  a  function  of  mixture  com¬ 
position. 

1  -  hexane;  2  -  butane;  3  - 
propane;  4  -  ethane;  5  -  meth¬ 
ane.  Ordinate:  current  (amps). 


p  ,  MM  pfn.cm 


Fig.  8:  Mininum  ignition 
pressure  as  a  function  of 
spark  power.  Ordinate:  mm  Hg. 


The  literature  contains  a  great  deal  of  experimental  data  on  the 
forced  ignition  of  combustible  gas  mixtures.  Particularly  important  is 
the  information  published  on  the  concentration  limits  of  ignition.  Cer¬ 
tain  results  in  this  area  are  reproduced  in  Table  1.2. 
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fable  1.2 


Liquid 

iimits, 

v©l-?6 

MqUid 

iimits.  VO 

1*% 

lower 

upper 

iower 

upper 

Benzene 

1.41 

6.75 

Ethyl  al'Goh'Ol 

3.28 

11.95 

Toluene 

1.27 

6.75 

Fropyl  *' 

2.55 

• 

o-xylene 

1.00 

6*00 

rsopropyl  " 

icetOne 

12*80 

Butyl 

1.70 

Ethyl  ethef 

1*85 

36.50 

Isobutyi  " 

1.68 

Methyl  alcohol 

6.62 

36.50 

Amyl  " 

1*19 

The  pressure j  temperature  and  the  presettGe  of  admixtures  in  the  gas 
have  aui  important  influenee  On  the  limits  of  IgnltiOhi  These  questions, 
and  others  relating  to  ignitiohi  Will  fee  found  discussed  is  the  literature  /6/i 
All  the  fundamental  laws  and  theoretical  results  relating  to  spOH- 
taneous  and  lorced  ignition  of  gas  mixtures  can  also  be  eJctended  to  the  flash^ 
ing  of  liquids^  bearing  in  mind  that  in  flashing  the  concentration  of  vapor 
in  the  mixture  depends  on  the  temperature  of  the  liquid. 


5.  Flame  Propagation  in  Combustible  Gas  Mixtures 

In  the  forced  ignition  Of  mixtures  a  particularly  important  part  is 
played  by  flame  propagation.  The  fifst  and  most  important  contra bution 
to  this  Question  was  that  of  V.A.  Mishelson  in  I8S9  /ll/. 

In  the  last  twenty  years  the  theory  of  normal  flame  propagatiQn 
has  been  developed  by  N.J<.  Semenov  /12/,  Ya.B.  Zel'dovich,  ©*4.  Fraiik- 
femenetskiy  and  a  number  of  others  /12.13/ ^ 


Fig,.  9:  feraperature  distribution  in  a  gas  mixture  through  whiGh 
a  flame  is  being  propagated. 
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In  its  simplest  form  the  modern  theory  of  flame  propagation  goes 
somewhat  as  follows.  Let  us  assume  -..at  a  flame  is  being  propagated  in 
a  gas  mixture.  In  front  of  the  flame  there  will  be  fresh  mixture  and 
behind  it  the  products  of  combustion.  Let  the  gas  move  totmirds  the  flame 
at  a  rate  equal  to  the  rate  of  propagation  of  the  flame.  Thsn  the  flame 
will  be  fixed.  The  temperature  distribution  in  the  gas  is  represented 
sohematiGally  by  the  curve  shewn  in  ilg.  9*  We  Shall  denote  the  temper¬ 
ature  of  the  mixture  remote  from  the  flame  by  and  the  temperature  of 

the  combustion  products  T^. 

We  shall  substitute  for  the  curve  T(z)  a  broken  line  Gonsisting  of 

the  straight  segments  T  «  T  ,  T  »  T  and  the  tangent  to  the  curve  T(z)  at 

o  p 

the  point  of  inflection. 

The  quantity  of  heat 

9  =  (1.15a) 

is  delivered  by  thermal  conduction  from  unit  surface  of  the  flame  per  unit 
of  time,  where  X  is  the  thermal  conductivity  and  S  the  nominal  thickness 
of  the  flaune  front*  This  heat  is  expended  in  warming  the  mixture  from  the 
initial  temperature  T^  to  the  temperature  T^.  . Thus, 

q  =  ucp  (Tp  -  To),  (1,15b) 


where  u  is  the  flow  velocity  of  the  gas,  equal  to  the  rate  of  propagation 
of  the  flame,  e  is  the  specific  heat  auid  P  the  density  of  the  mixture. 
From  (1.15a)  and  (1,15b)  it  follows  that 


u  = 


(1,16) 


where  a  =  X/cp  is  the  average,  valne  of  the  thermal  diffusivi-ly. 

Since  the  reaction  velocity  increases  very  strongly  with  increase 
in  temperature,  the  combustion  of  the  bulk  of  the  mixture  proceeds  in  a 
region,  the  temperature  of  which  is  close  to  the  maximum  T^,  and  the  reaction 

zone  4  is  less  than  5  ,  We  may  assume  that  the  width  of  the  reaction  zone 
is  equal  to  the  product  o:f  the  velocity  u  and  the  residence  time  of  the 
mixture  in  the  combustion  zone  't 


5  =  ux. 


(l,l6a) 


and  that  the  time  x 
£ 

k  =  fc^  exp  (  -  g^) , 

P 


is  inversely  proportional  to  the  reaction  velocity 

i ,  e . 


(I,l6b) 
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Here  E  is  the  activation  energy  of  the  reaction,  R  is  the  universal 
gas  constant. 

We  shall  put 

£  =  (l.l6c) 


where  b  is  a  dimensionless  multiplier  less  than  unity;  the  numerical  value 
of  b  is  determined  by  the  form  of  the  kinetics  of  the  combustion  reaction. 
Using  (i.l6a,b,c)  we  get 


(1.17) 


where  b^  is  a  quantity  depending  on  the  properties  of  the  mixture. 

Heat  removal  from  the  flame  reduces  the  combustion  temperature  and 
hence  the  rate  of  propa^tion  of  the  flame.  If  the  heat  losses  are  suff¬ 
iciently  great,  combustion  will  be  interrupted,  the  flame  will  go  out 
and  will  no  longer  be  propagated  through  the  mixture.  By  taking  into 
account  the  effect  Of  heat  losses  on  the  maximum  temperature  and  the  rate 
of  flame  propagation  and  the  reciprocal  effect  of  the  rate  of  flame  prop¬ 
agation  on  the  heat  losses,  we  can  determine  the  limits  of  flame  propaga¬ 
tion.  The  theory  of  the  limits  of  flame  propagation  proposed  by  Zel'dovich 
/12,l4/  is  baised  on  these  considerations. 

On  examining  the  heat  losses  in  flame  propagation,  Zel’dovich  came 
to  the  conclusion  that  the  reduction  in  the  maximum  flame  temperature  T 


with  respect  to  the  theoretical 


Ttheor  inversely  proportional  to  the 


square  of  the  rate  i?f  flame  propagation 


T  -  T 

theor  p 


(1.18) 


where  a  is  the  heat  transfer  cpefficient. 

By  simultaneously  solving  (1.17)  and  (l.l8)  we  get  the  rate  of 
flame  propagation  for  the  given  conditions. 

Equations  (1.17)  and  (l.l8)  can  be  solved  graphically.  For  this 
it  is  necessary  to  tedce  a  rectangular  system  of  coordinates,  plot  T  along 

P 

the  abscissa  and  the  rate  of  flame  propagation  u  along  the  ordinate  and  use 
(1.17)  and  (l.l8)  to  construct  the  corresponding  curves;  the  coordinates 
of  the  points  of  intersection  of  these  curves  give  the  values  of  u  and  T 

P 

sought . 

In  Fig. .10  curves  1,  2  and  3  are  based  on  (l.l8).  In  plotting  these 

curves  the  values  of  T^,  were  assumed  to  be  the  same,  and  those  of  a 

theor 

different  for  the  different  curves  (aj^>a2>aj).  Curve  4  graphically  repres¬ 
ents  the  connection  between  u  and  T^  given  by  equation  (1.17).  Curves  5 
and  4  intersect  at  points  a  and  b.  The  coordinates  of  these  points  give 
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values  of  u  aad  satisfying  equations  (1.17)  and  (l.l8).  It  is  easy  to 

see  that  point  a  corresponds  to  an  unstable  regime  and  point  b  to  a  stable 
regime,  when  eorabustion  proceeds  at  a  temperature  close  to  the  theoretical 
When  heat  transfer  and  hence  the  coefficient  a  increases,  the  points  of 
intersection  of'  the  curves  vdll  approach  and  the  temperature  and  the 

rate  of  propagation  of  the  flaune,  corresponding  to  stable  conditions,  Will 
fall.  For  a  value  of  a  corresponding  to  curve  2  the  curves  corresponding 
to  equations  (I.l7)  and  (1.18)  will  have  a  common  tangent  in  the  point  b. 
With  a  further  increase  in  a  these  curves  will  cease  to  intersect  and  the 
flame  will  not  be  propagated  in  the  mixture;  it  will  go  out,  because  in 
these  conditions  the  removal  of  heat  from  the  combustion  zone  is  large. 

It  is  clear  that  the  point  b  determines  the  limit  of  ignition  of  th®  mix¬ 
ture.  We  shall  compute  the  values  of  f  and  u  corresponding  to  this  limit 

.p 


Fig.  10:  Curves  illustrating  computation  of  ignition  temperature. 


It  follows  from  (1.17)  that 

du  ,  E  , _ E_\  _  «E  _ 

2RTy 

and  from  (l.l8)  that  u®  l  u 

dT^  2a  2  ^theor^p 

At  point  b  the  tangents  to  the  curves  coincide  and  hence  the  derivatives 
du/dT  are  equal.  Equating  them,  we  find  that  the  limiting  value  of 

'W  T  =  T  -  ^ 

■’"lim  ■‘‘theor  E 
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07*1  approximately, 


JRT' 


T 


lim 


=  T 


theor 


theor 


(1.19) 


It  is  also  easy  to  find  the  limiting  rate  of  flame  propagation 
For  this  we  first  transform  the  exponent  in  (1.17),  putting  =  ^lim 

E  _  E _ E _ 

2/?7fch^r  /  /?nheor\  2RT  ( 

2l?^^hecrr  £  J  theor  £  J 

Since  does  not  exceed  several  thousands  and  E  is  ordinarily  equal 

to  several  tens  of  thousands,  considerably  less  than  unity, 

and  without  serious  error  we  can  write: 


£ 

'^RT 


-i‘  + 

eor 


tUe^r 
£ 


"tinl-  ^0®*?  (  2R  Iteor" 


From  the  last  relation  it  follows  that 

u 


lim 


max 


(1.20) 


Here  is  the  maximum  rate  of  flame  propagation  in  a  mixture  of  the 


given  composition: 


u 


max 


=  exp  ( 


E 


2RT 


■)  . 


theor 


(1.19)  shows  that  the  flame  cannpt  spread  through  the  entire  mixture. 


if  the  flame  temperature  is  lower  than  the  theoretical  by  an  amount  exceeds 

^  theor 

ing  ■  . 


In  flame  propagation  in  narrow  tubes,  the  reduction  in  combustion 
temperature  is  due  to  heat  transfer  to  the  walls  of  the  tube.  In  flame 
propagation  in  broad  tubes  the  reduction  in  flame  temperature  is  due  to 
radiative  heat  losses. 


6.  Flame  Propagation  on  the  Surface  of  a  Combustible  Liquid 

When  a  liquid  is  flashed,  the  flame  is  propagated  over  the  liquid. 
This  phenomenon  has  been  studied  by  P.G.  Ipatov  /i5/,  who  has  contributed 
a  very  clear  account  of  the  mechanism. 
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Ipatov  carried  out  three  sc  ‘  s  of  experiraerits .  In  the  first  he 
used  a  setup  consisting  of  two  identical  horizontal  glass  tubes  A  smd  B 
(Fig.  11),  connected  together  and  forming  part  of  a  closed  system,  into 
which  he  also  introduced  a  pump  H  and  an  evaporator  E  containing  the  test 
liquid.  The  tubes  were  52  cm  long  and  3*3  cm  in  diameter.  In  tube  A 
was  a  thin  layer  of  the  combustible  test  liquid.  The  pump  H  circulated 
the  vapor-air  mixture  through  the  system  and  made  it  possible  to  saturate 
the  air  in  A  and  B  with  vapor  relatively  quickly.  The  tubes  were  mounted 
in  a  thermostat,  the  temperature  of  which  could  be  varied. 

After  the  temperature  in  the  thermostat  had  been  brought  to  the 
required  value,  and  the  air  in  the  tubes  was  saturated  with  vapor,  the 
stoppers  a  and  b  were  removed  and  the  mixture  at  the  open  end  of  the  tube 
ignited  with  an  electric  spark  supplied  by  a  small  induction  coil.  The 
flame  was  photographed  with  the  aid  of  a  "Kiev"  camera,  in  front  of  the 
objective  of  which  a  disc  with  circular  openings  slowly  rotated.  In  this 
way  a  series  of  successive  images  of  the  flame  were  obtained.  The  photo¬ 
graphs  were  used  to  compute  the  rate  of  displacement  and  the  normal  vel¬ 
ocity  of  propagation  of  the  fleune. 

Fig.  12  shows  the  results  of  the  experiments  with  ethyl  alcohol. 

The  temperature  is  plotted  along  the  abscissa  and  the  normal  rate  of  prop¬ 
agation  of  the  flame  in  the  tubes  along  the  ordinate.  The  hollow  circles 
indicate  data  for  tube  A  (with  the  liquid)  and  the  solid  circles  data  for 
tube  B  (without  liquid).  It  is  clear  from  the  figure  that  the  rate  of 
flame  propagation  in  the  tubes  with  and  without  liquid  was  the  same  and 
that  a  flame  developed  and  spread,  only  when  the  temperature  of  the  system 
was  within  the  flash  limits. 

The  experiments  showed  that , the  temperature  at  the  surface  of  a 
liquid  in  a  tube  does  not  change  when  a  flame  passes.  Similar  results 
were  obtained  for  benzene  and  acetone. 

The  second  series  of  experiments,  employing  the  same  setup,  was 
designed  to  investigate  flame  propagation  in  tubes  with  and  without  liquid 
at  system  temperatures  lower  than  the  flash  point  of  the  liquid  and  for 
an  igniter  in  the  form  of  a  strongly  heated  metal  spiral.  During  the  ex¬ 
periment  the  tubes  were  opened  at  one  end,  where  the  ignition  spirals  were 
introduced.  In  tube  A  the  spiral  was  placed  close  to  the  surface  of  the 
liquid.  In  tube  B  there  was  no  flame  even  at  the  maximum  igniter  temper¬ 
ature.  A  flame  developed  in  tube  A  some  time  after  switching  on  the 
current  in  the  spiral  (the  flame  began  to  spread  through  the  tube  when 
the  temperature  of  the  liquid  near  the  spiral  was  close  to  the  flash  point) 
amd  after  progressing  a  certain  distance  went  out.  At  temperatures  below 
a  certain  limit  there  was  no  flame  in  tube  A. 


Fig.  11:  Ipatov’s  apparatiis. 
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Fig*  12:  Normal  rate  of  flame  propagation  at  the  surface  of 
ethyl  alcohol  as  a  function  of  the  temperature,  u  in  cm/sec; 

in  degrees. 


Table  1,3  gives  the  results  of  the  second  series  with  ethyl  alcohol. 
Here  S'  is  the  temperatiu'e  of  the  liquid;  1  the  distance  covered  by  the 
flame  in  the  tube;  t  the  time  during  which  the  flame  was  propagated,  in  sec; 
V  the  mean  rate  of  displacement  of  the  flame,  in  cm/sec. 

Table  1.3 


/,  CM 

P,  CM/C$K 

®c 

/.  CM  ■ 

it  CCK 

0,  CM/fitK 

0 

0 

0 

0 

5,1 

21 

4 

5 

1,0. 

0 

0 

0 

6,5 

32 

5,3 

6 

2,3 

0 

0 

0 

8,0 

52 

5,5 

9,4 

3,3 

10 

4 

2,5 

10,0 

52 

5 

10,4 

4,0 

15 

4 

3,7 

It  is  clear  from  the  table  that  between  2®  and  10®  the  increase  in 
1  was  proportional  to  the  increase  in  temperature  S’  and  that  in  this 
case  the  limiting  temperature  was  2®,  i.e.  when  '«?•  <  2®  no  flame  developed 
in  the  tube  with  liquid.  It  should  be  noted  that  the  flash  point  of 
ethyl  alcohol  is  close  to  10®. 

The  third  series  was  devoted  to  a  study  of  the  propagation  of  a 
flame  at  the  surface  of  a  liquid  poured  into  an  open  trough  5  cm  wide  and 
52  cm  long.  The  liquid  was  ignited  by  means  of  an  incandescent  metal 
spiral,  close  to  its  surface  at  the  end  of  the  trough.  The  time  taken  by 
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the  flame  to  pass  along  the  trough  ’■■’r:  determined  by  means  of  a  stopwatch. 
Butyl,  isoamyl  and  ethyl  alcohol,  toluene  and  two  mixtures  .of  ethyl  alcohol 
and  toluene  were  tested.  The  results  are  shown  in  KLg.  13,  where  the 
abscissa  represents  the  temperature  of  the  liquid  and  the  ordinate  the 
rate  of  displacement  of  the  flames  the  hollow  circles  denote  experimental 
data.  The  flash  point  of  the  corresponding  liquids  is  marked  by  a  broken 
line.  The  figure  also  shows  some  results  for  the  rate  of  flame  displacement 
in  ethyl  alcohol  vapor  in  tubes* 

From  Fig*  13  we  can  conclude  that  at  a  temperature  of  the  liquid, 
not  exceeding  the  flash  point  the  flame  velocity  along  the  length  of 

the  trough  is  small  and  increases  With  increase  in  v ;  at  temperatures 
exceeding  the  flame  is  propagated  with  a  velocity  close  to  the  rate 
of  displacemrat  of  a  flame  in  a  tube. 

At  temperatures  below  the  flash  point  a  flame  develops  not  immediately 
after  the  spiral  has  become  hot,  but  after  a  certain  time  .^g,  which  is  the 
©peater  the  lower  the  temperature  of  the  liquid. 


V.CM/CeK 


■ 

B 

B 

B 

B 

B 

B 

B 

n 

B 

B 

B 

m 

i 

H 

0  W  20  30  tfO  SO  SO 

ff.  tpad 


Fig.  13;  Rate  of  flame  displacement  at  the  surface  of  various 
liquids  as  a  function  of  the  liquid  temperature,  v  in  cm/sec; 
in  de^ees. 

1  -  isoamyl  alcohol?  2  -  butyl  alcohol;  3  -  ethyl  alcohol;  4  - 

toluene;  3  ^  mixture,  0.69  molar  fraction  ethyl  alcohol. 


The  results  of  Ipatov’s  experiments  show  that  at  low  liquid  temp¬ 
eratures  an.  important  part  in  flame  propagation  is  played  by  the  heating  of 
the  liquid  by  the  flame.  It  is  obvious  that  for  i^<  a  flame  develops 

in  a  mixture  of  vapor  and  air,  when  the  concentration  of  the  latter  near  the 
spiral  reaches  a  value  corresponding  to  the  flash  point.  The  flame  warms 
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the  adjacent  layers  of  liquid,  the  concentration  of  vapor  over  which  in¬ 
creases,  the  mixture  in  the  same  rep,'  ignites,  the  displaced  flame  warms 
up  the  next  layer  of  liquid  and  so  on.  At  temperatures  above  the  flash 
point  of  the  liquid  the  part  played  by  heating  in  flame  propagation  is 
relatively  small;  the  flame  is  propagated  through  the  mixture  already 
available. 

It  should  be  noted,  however,  that  in  the  propagation  of  a  flame 
over  the  surface  of  a  liquid  in  an  open  vessel  an  upper  flash  limit  is  not 
observed.  In  fact,  if  the  concentration  of  vapor  at  the  surface  of  the 
liquid  exceeds  the  concentration  corresponding  to  the  upper  limit,  then  at 
a  certain  distance  from  the  liquid  the  latter  will  not  exceed  the  limit, 
owing  to  the  fall  in  concentration. 

Returning  to  Fig.  13,  it  should  be  noted  that  there  is  a  special 
relation  between  the  rates  of  displacement  of  a  flame  over  ethyl  alcohol, 
toluene  and  a  mixture  of  these  liquids,  v  for  the  mixture  is  considerably 
greater  than  that  for  the  starting  liquids  at  the  same  temperatures.  This 
is  due  to  the  vapor  pressure  over  mixtures  of  liquids  differing  from  that 
over  the  pure  components. 


7.  Ignition  of  liquids 

A  flame  will  not  go  out,  if  vapor  aind  oxygen  are  supplied  to  the 
combustion  zone  at  a  suitable  rate.  Vapor  is  fed  to  the  flame  by  mole¬ 
cular  diffusion  and  molecular  migration  from  the  layer  adjacent  to  the 
liquid.  The  rate  of  supply  of  vapor  to  the  combustion  zone  depends  on  the 
vapor  pressure  at  the  surface  of  the  liquid  and  hence  on  the  liquid  temper¬ 
ature.  The  lowest  liquid  temperature  at  which  a  flame  will  not  go  out 
is  the  ignition  temperature  of  the  liquid 

The  ignition  temperature  can  easily  be  determined  theoretically  /l6/. 

Let  us  suppose  that  the  liquid  is  in  a  cylindrical  glass  tube.  We 
shall  heat  the  liquid  and  at  short  intervals  advance  a  small  flame  to  the 
end  of  the  tube.  If  the  liquid  temperature  is  equal  to  the  ignition 
temperature,  a  flame  will  form  at  the  end  of  the  tube.  As  experiments  show, 
this  flame  will  be  almost  flat.  2 

Let  us  denote  by  N  the  number  of  moles  of  vapor  supplied  to  1  cm*^ 
of  flame  per  second,  and  by.D  said  u  the  diffusion  coefficient  and  rate 
of  flow  of  vapor  respectively.  If  the  z-sixis  runs  along  the  axis  of  the 
tube  from  the  surface  of  the  liquid  towards  the  flame,  then  we  can  write: 

—  D^+un  =  N,  (1.20a) 

where  n  is  the  number  of  moles  of  vapor  per  unit  volume,  i.e.  the  molar 
concentration. 

During  burning  in  air  nitrogen  will  be  found  between  the  liquid  and 
the  flame.  Here  the  oxygen  concentration  will  be  zero.  Let  us  denote 
the  molar  concentration  of  nitrogen  by  n^.  The  distribution  of  nitrogen 

concentration  in  the  tube  over  the  liquid  will  then  satisfy  the  equation 
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(1.20b) 


—  ^  -df  +  =  0. 

If  by  p  and  p  we  denote  the  partial,  pressures  of  the  vapor  and  the 

cl 

nitrogen,  then,  .in  accordance  with  the  Mendeleyev-Clapeyron  law  we  can 
write; 


p  =  nRT  and  p,  =  tigRT.  (1.20c) 

« 

It  is  clear  that  the  sum  of  p  eind  p^  is  equal  to  the  atmospheric  pressure  p^ 

P  +  Pa  =  P-*  (1.20d) 

Adding  (1.20a)  and  (1.20b)  and  bearing  in  mind  (1.20c)  and  (1.20d)  we  get: 


We  shall  neglect  the  variation  in  temperature  in  the  layer  of  vapor. 
Then  the  first  term  on  the  LHS  of  the  last  equation  will  be  equal  to  zero 
and 


u 


P9 


ff. 


(1.20e) 


Using  relations  (1.20c)  and  (l,20e)  we  can  rewrite  (1.20a)  in  the 


following  form: 

_  °  AT. 

RT  dz  ~  Po 

Whence 

The  pressure  of  the  vapor  in  the  layer  adjacent  to  the  liquid  will 
be  equal  to  the  saturated  vaijor  pressure,  w  for  the  given  temperature.  Thus, 
if  the  origin  is  at  the  surface  of  the  liquid,  when  z  =  0,  p  =  n  . 

A  consideration  of  the  processes  in  the  combustion  zone  suggests 
that  the  fluxes  of  vapor  and  oxygen,  directed  towards  the  combustion  siu*- 
face,  are  in  a  stoichiometric  ratio  and  that  the  concentration  of  fuel  and 
oxygen  in  the  flame  is  very  small  /17,l8/.  Accordingly,  if  the  distauice 
from  the  liquid  to  the  flame  is  taken  as  h,  we  can  write  that  when  z  =  h 
p  a  0. 

For  the  boundary  conditions  formulated  above  the  solution  of  (1.20f) 
can  be  written  in  the  form: 


where 


«==  Po  (1  —  (1.21) 

(1.21a) 

Po  D- 
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In  flame  theory  it  has  been  proved  /19/  that  the  height  of  a  flame 
is  determined  by 


N 


(1.21b) 


where  p  is  the  number  of  moles  of  oxygen  required  to  burn  1  mole  of  vapor; 
r  is  the  radius  of  the  tube  in  which  the  liquid  is  burned;  Dj^  is  the 

coefficient  of  diffusion  of  oxygen  through  the  layer  of  combustion  products 
and  nitrogen;  n^,  is  the  molar  concentration  of  oxygen  in  the  air. 

Substituting  the  value  of  N  from  (1.21b)  in  (1.21a),  we  get: 


6=4 


■pT  olF' 


(1.21c) 


Thus, 


2 

It  is  known  that  the  diffusion  coefficient  is  proportional  to  T  . 
we  can  write: 

0  =  0,4,, 


where  0  is  the  diffusion  coefficient  for  T  a  273‘*K.  Taking  this  last 
o 

relation  into  account,  we  get: 


6  = 


4.273*-?- 6 
Po 


1 


(1.21d) 


Equation  (1.21)  relates  the  saturation  vapor  pressure  w  of  the  liquid 
at  the  ignition  temperature  with  the  qiiantities  p^j*  b  and  h  ;  b  is  determined 

from  (1.21d). 

In  Pig.  l4  the  ignition  temperature  is  plotted  along  the  abscissa 
and  the  distance  h  between  the  flame  and  the  surface  of  the  liquid  in  the 
tube  along  the  ordinate;  the  circles  denote  the  results  of  experiments  with 
benzene,  ethyl  alcohol,  toluene  and  amyl  alcohol  and  are  taken  from  /l6/ 

(a  glass  tube  3  mm  in  diameter  was  used);  the  lines  are  drawn  from  formula 
(1.21).  In  constructing  these  curves  values  of  n  were  taken  from  tables, 
and  values  of  b  were  chosen  so  that  the  theoretical  curves  corresponded  as 
closely  as  possible  with  the  experimental  data.  The  values  of  b  found  in 
this  way  are  given  below: 


b,  cm 

DoPT^ 

Benzene 

1.08 

205 

Ethyl  alcohol 

2.3 

23i5 

Toluene 

1.14 

26o 

Amyl  alcohol 

1.20 

197 

Fig.  l4  shows  that  formula  (1.21)  agrees  with  experiment. 

If  on  the  EHS  of  (1.21d)  we  substitute  the  values  of  the  quantities 
occurring  in  it  and  take  S  equal  to  0.1  cm,  then  for  ethyl  alcohol  we  find 
b  =  2.0  cm"^.  The  latter  agrees  closely  with  the  experimental  value  of 

b  =  2,3  cm“^. 


26 


(Legend  not  translated) 


Pmc.  14.  SasHCHMOcTb  TSMneparypu  BociuiaMeHCHHa  xhakoctcA 
B  TpydicB  or  paccroHHHX  KOHua  rpyOxH  ao  nosepXHOctH  xmakocth 
I  tftHtOJi;  $  tTHMIUi  S  TM^;  4  aMMOlUi  COlpT 


L«t  us  ooaalder  eertaia  consequences  that  flow  from  formulas  (1.21 ) 
and  (1.21d). 

nrom  (l.Sld)  It  follows  that  for  isTariable  ralues  of  p^,  3  and  r 
the  product  D^pT^b  must  be  the  same  for  different  liqvfLds*  In  fact, 

D,pr^.=  4.273'^6D.^  =  ««Kt-V 

It  Was  shown  above  that  the  relation  (1.21e)  Is  confirmed  by  axperlment. 
!Ihe  value  of  b  for  toluene  is  a  little  different,  but  this  is  evidently 

due  to  the  fact  that  the  inoimqpleteness  of  combustion  was  not  allowed  for 
in  the  calculations. 

If  bh  is  small  compared  with  unity,  then  we  can  write 


In  this  case 


=  1  —  bh. 


it  *»  pj)h. 


(1.21f) 


It  is  known  that  the  saturated  vapor  pressure  of  liquids  varies  with 
the  teq>erature  in  accordance  with  the  law: 


it  =  n;oe« 


r^i 

W 


(1.21g) 


where  Q  is  the  heat  of  vaporisation,  referred  to  a  gram-molecule  of  sub¬ 
stance.  If  the  value  of  %  tram  (1.21g)  is  substituted  in  (1.21f)  and 
logarithms  are  taken,  then 


Whence  it  follows  that 


^lge  =  lgA+lg^. 


(1.21h) 


where  h^,  h^  are  the  distances  of  the  flame  from  the  liquid  at  lgzd.tion 
temperatures  and  T^. 

Making  use  of  formula  (1.21)  and  the  experimental  data  we  can  compute 
Q.  Ihe  results  of  such  computations  are  given  below: 


^heor. 

Q 

^e::q)er 

Bensene 

8,700 

7,200 

Sthyl  alcohol 

9,600 

10,000 

Toluene 

8,000 

8,000 

Amyl  alcohol 

11,500 

11,500 
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The  values  of  wire  taken  from  technical  manuals.  The  results 
obtained  by  calculation  agree  with  those  determined  experimentally. 

fHirthemore,  for  the  same  instrument,  if  h  is  constant  and  bh  sub¬ 
stantially  less  than  unity,  k  will  be  equal  to 

-  „  ti,  MPo  _  A 

n-p^n^  D,pT,  -  D„pr, '  (1.22) 

The  quantity  A  does  not  depend  on  the  nature  of  the  liquid  and  is 
a  constant  for  the  instrument. 

Formula  (1.22)  shows  that  at  the  ignition  temperature  the  saturated 

vapor  pressure  n  of  the  liquid  in  question  is  equal  to  A/D  pT_.  If  we 

o  o 

know  the  instrument  constant  and  have  information  about  the  quantities 
D^,  p  and  n ,  we  can  find  the  ignition  temperature  of  the  liquid  from 

formula  (1.22). 

Unfortunately,  the  literature  is  almost  totally  lacking  in  experi¬ 
mental.  data  on  ignition  temperatures  and  therefore  it  is  difficult  to  test 
the  applicability  of  formula  (1.22)  for  a  large  number  of  substamces.  But 
there  is  a  way  out.  In  fact,  it  was  pointed  out  above  that  the  ignition 
temperature  differs  only  slightly  from  the  flash  point,  if  the  latter  is 
not  hij^.  Therefore,  if  relation  (1.22)  gives  satisfactory  results  for 
the  flash  point,  it  must  adso  give  satisfactory  results  for  the  ignition 
tasperature.  Below  we  give  the  flash  points  (in  *C)  for  a  number  of  sub¬ 
stances,  both  as  determined  ei^erlmentally  and  as  calculated  from  formula 
(1.22): 


Theor. 

Exper. 

Methyl  alcohol 

+4.5 

from  -  1  to 

+32 

Ethyl  •' 

+11 

+  9 

+32 

Propyl  " 

+25 

+22 

+45 

Butyl  '• 

+4o 

+35 

+36 

Benzene 

-10 

-12 

+10 

Toluene 

+  9 

+  6 

+30 

Ethyl  ether 

-43 

-4l 

-20 

Ethyl  formate 

-18.5 

-19.5 

Ethyl  propionate 

+13 

-12.5 

Methyl  butyrate 

+14 

-14 

The  constant  A  was  determined  for  the  flash  point  of  acetic  acid. 

The  data  show  that  the  theoretical  and  e:q)erimental  values  of  the 
flash  point  are  in  satisfactory  agreement. 

Thus,  a  number  of  consequences  of  formulas  (1.21)  and  (1.21d)  are 
confirmed  by  e3Q>erinent.  This  also  serves  as  evidence  in  support  of  the 
hypotheses  about  the  ignition  of  liquids  and  the  fundamental  relations  ob¬ 
tained  above. 

It  should  be  stressed  that  the  ignition  temperature  is  not  a  physico¬ 
chemical  constant  of  a  substance,  but,  as  follows  from  (1.21)  and  (1.21d), 
largely  depends  on  the  conditions  under  which  it  is  determined.  It  is  inter- 
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eating  to  note  that 


equal  to  the  boiling  point  of  the  liquid  for  an 


external  presaure  p*  equal  to  x  • 

/1, 3/  glreaforaula  recoawended  for  calculating  the  flaah  points  of 
liquids.  Using  the  above  notation*  this  fomula  say  be  written  in  the 
form: 


(1.22a) 


where  «  is  the  saturated  vapor  pressure  of  the  liquid  at  the  flash  point* 
and  B  is  a  constant  depending  on  the  type  of  instrunent. 

Fomula  (1.22a)  can  be  obtained  from  (1.10)  by  taking 


B 


b  h 


liable  1.4 


Uqnid 


Methyl  alcohol 

Ethyl 

11 

n-propyl 

H 

u-butyl 

ft 

n-amyl 

Bensene 

Toluene 

Xylene 

tt 

Carbon  bisulfide 

^MAKOCTb 

1 

! 

D. 

1 

r. 

D.Tb 

MeTHiHOBufi  cnHpr  . 

1.5 

0,132 

272 

36 

BmmnhLik  cnupr  . 

3,0 

0,102 

283 

29 

HopMajibKuA  npo- 
niuioBuft  cnitpT  . 

4.5 

0,085 

295 

25 

H.  6yTHinoBi)ift  cnHpr 

6.0 

0,070 

307 

21 

H.  cnHpT 

7.5 

0,059 

319 

19 

BeHsoJi . 

7.6 

0,077 

261 

20 

Tonyoji . 

0.0 

0.071 

278 

20 

KcfUIOA . 

10,5 

0,060 

296 

18 

CepoymepoA  •  .  • 

3,0 

0,089 

230 

20 

Table  1.4  shows  that  the  coefficient  p  varies  onxch  sore  strongly  than  the 
product  Since  the  vapor  pressure  quickly  rises  with  increase  in  temp¬ 

erature*  a  deviation  of  D^Tg  from  the  mean  involves  a  small  change  in  the 

temperature  determined  from  (1.22a)  compared  with  the  value  of  T  obtained 
from  (1.22). 

The  flash  and  ignition  points  of  mixtures  of  liquids  are  also  of 
considerable  interest.  Before  turning  to  this  question*  it  will  be  con¬ 
venient  to  devote  some  space  to  the  consideration  of  certain  properties 
of  liquid  solutions*  confining  ourselves  in  this  case  to  binary  mixttires. 


8.  Ideal  golutions 

An  ideal  or  sioq>le  solution  of  a  liquid  is  one  in  tdiich  the  partial 
pressures  of  the  cooqponents  in  the  vapor  phase  are  proportional  to  the 
molar  fractions  of  the  components  in  the  liquid  phase. 

Note  that  the  aiolar  fraction  of  a  component  k*  x^,  is  a  quantity 

equal  to  the  number  of  moles  N^^  of  the  given  component  divided  by  the 
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total  amnber  of  nolea  in  the  ayatem 


It  ia  eyident  that 

Xl  “I**  Xi  “P  .  .  •  “  I  . 

Ihua,  if  by  and  we  denote  the  partial  preaaurea  and  by  p^  ^ 
and  p.  ^  the  vapor  preaaure  of  the  pure  coaponenta  of  a  binary  ideal  mixture 
and  by  and  the  aolar  fractlona  of  the  coiaponenta  of  the  aolution,  then 


pi  —  pijOJtt  and  pa  =  ptjOJC*.  . 

The  total  vapor  preaaure  of  the  aolution  will  be  equal  to: 


or*  ainee  x^  x^  *  1* 


P  —  pi  +  P*  plyOXl  +  Pt,OXl 


p  =  pi,o  +  (P*>»  —  P^’®) 


(1.23) 


The  total  vapor  preaaure  of  am  ideal  aolution  ia  a  lineau*  function  of  the 
aolar  coapoaition  of  the  liquid  phaae.  If  we  take  a  rectangular  ayatem  of 
coordinatea  and  plot  the  aolaur  fraction  of  a  component  along  the  abaciaaa 
and  the  total  vapor  preaaure  of  the  ideal  solution  along  the  ordinate*  then 
given  eonatant  teiiqperature  the  dependence  PCx^)  will  be  represented  by  a 

straight  line. 

The  connection  between  the  molar  fraction  of  the  components  in  the 
vapor  and  liquid  phases  of  an  ideal  solution  is  easily  established.  lat  us 
denote  by  N£,  N^,  y^^  and  yg  the  nuaber  of  moles  and  the  molar  fractions  of 

the  first  and  second  ccmiponents  in  the  vapor  phase,  and  by  N^*  N2*  x^  and 
x^  the  number  of  nolea  and  the  molar  fractions  of  the  first  and  second  com¬ 
ponents  in  the  liquid  phase.  It  is  evident  that 


yt  = 


N, 


A/i+A'a 

Using  Mendeleyev's  equation,  according  to  tdiich 


PiV 


—  NiRT  and  P*^  • 


and  the  relations  for  p^  and  p^,  we  get: 

Pi _ PliOXj 


ya 


OlXt 


Pi  +  Pi  Pi,qXi  +p*,oJf2  •  1,+  (a  —  1)  *2  ■ 


(1.24) 
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n,  ,, 

OC  =1 

pl»0 


In  Fig.  15  ie  plotted  along  the  abscissa  amd  Along  the  ordinate. 

CiUTTe  1  gives  the  connection  between  y  and  x  idten  a  s  3,  ciirve  2  Is  for 
a  B  1  and  curve  3  for  a  «  0.3.  It  Is  easy  to  see  that  when  a  >  l  and 
^2  ^  ^2*  VApor  phase  Is  richer  In  the  second  component  than  the  liquid 

phase;  when  a  a  1,  y^  s  X2t  !>«•  the  vapor  and  the  liquid  have  the  same 

composition;  when  a  <  1,  y^  <  x^  and,  consequently,  the  vapor  phase  Is 

richer  In  the  first  component  than  the  llqxild  phase.  In  other  words,  the 
vapor  phase  Is  richer  In  the  component,  the  vapor  pressure  of  lAlch  Is 
greater  at  the  given  temperature. 


Fig.  15:  Composition  of  the 
liquid  and  vapor  phases  of 
liquid  solutions  for  differ¬ 
ent  0(  . 


Fig.  16:  Boiling  point  of 
ideal  mixtures  of  liquids 
as  a  function  of  composition 
at  constant  pressure.  Ordin¬ 
ate:  temp.;  abscissa:  phase 
composition;  top:  vapor; 
bottom:  liquid. 


A  point  that  will  be  of  interest  later  on  is  the  dependence  of  the 
boiling  point  of  mixtures  of  liquids  on  the  composition.  We  shall  find  this 
dependence.  If  we  take  the  total  vapor  pressure  p  of  the  solution  in  (1.23) 
as  constant  and  if  for  each  molar  fraction  x  we  find  the  temperature  at  which 


pi,0  +  (P2,0  —  pi,o)X2  =  p  =  const. 


This  dependence  is  shown  for  ideal  mixtures  in  Fig.  I6,  where  the 
molar  fraction  of  the  low  boiling  component  is  plotted  along  the  abscissa 
and  the  boiling  point  for  constant  pressure  adong  the  ordinate.  The  lower 
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cnx^e  links  the  boiling  point  ar'i  the  composition  of  the  solution  and 

the  upper  curve  the  b«p.  and  the  composition  of  the  vapor  over  the  boiling 

liquid. 

If  at  a  distance  ^  from  the  abscissa  we  draw  a  straight  line 
paurallel  to  the  .latter,  this  straight  line  will  intersect  the  lower  curve 
in  a  point  A  and  the  upper  curve  in  a  point  B;  the  abscissa  of  point  A 
defines  the  molar  fraction  x  of  the  low-boili^  craiponent  in  the  solution, 
the  b.p.  of  idiich  is  equal  to  the  abscissa  of  B  gives  the  molar  fract¬ 
ion  of  the  low-boiling  component  in  the  vapor  y,  in  equilibrium  with  the 
boiling  solution. 

!nie  figure  shows  that  the.  molar  fraction  of  the  low-boiling  com¬ 
ponent  (i.e.  the  coa^onent  trith  the  lower  b.p.,  or,  in  other  words,  tdth 
the  higher  vapor  pressure)  is  greater  in  the  vapor  than  in  the  liquid  phase, 
'*the  vapor  is  enriched  in  that  component,  which, * added  to  the  liquid, 
increauses  the  vapor  pressure  above  it  (or  reduces  the  b.p.)".  !Bie  state¬ 
ment  thus  formulated  is  called  the  first  law  of  Konovalov  and  holds  for 
any  liquid  solution.^  /20,21/* 


9*  Claaoiflcatlon  of  Mixtures  of  IlQUids 

The  sutual  solubility  of  two  liquids  varies  within  trlde  limits:  from 
practically  total  Insolubility  to  miscibility  in  any  proi)ortions  to  form  a 
homogeneous  solution.  Thus,  mixtures  of  two  liquids  can  be  divided  into 
three  basic  groups:  mixtures  of  liquids  miscible  in  all  proportions;  mix¬ 
tures  of  liquids  that  are  partially  miscible;  mixtures  of  liquids  that 
are  practically  mutually  insoluble. 

Organic  liquids  of  related  chemical  structure  and  properties  ordin¬ 
arily  wi^r  in  all  proportions,  forming  homogeneous  solutions.  ]E>xaaq>les  of 
this  are  mixtures  of  benzene  and  toluene,  ethyl  and  butyl  alcohol,  etc. 

Mixtures  of  partially  soluble  liquids  are  of  great  importance. 

These  include  acetone  and  water,  ether  and  mter,  isobutyl  alcohol  and  water 
and  many  other  liquids. 

The  third  group  includes  mixtures  of  benzene  and  water,  toluene  and 
water,  etc. 


10.  Mivtiirea  of  Liquids  Hiacible  in  All  Proportions 

Only  some  solutions  of  liquids  miscible  in  all  proportions  behave 
like  ideal  solutions.  As  a  rule,  the  behavior  of  bicoiiq>onent  real  solutions 
deviates  from  that  of  ideal  solutions.  Depending  on  the  degree  and  nature 
of  this  deviation  we  can  distingiish  three  types  of  solutions  of  liquids 
of  imlimited  mutual  solubility. 

The  first  type  includes  so-called  nozmwl  solutions,  for  which  the 
dependence  of  the  pressure  and  boiling  point  on  composition  is  represented 
by  curves  close  to  the  corresponding  curves  for  ideal  solutions.  A  large 
number  of  substances  with  unlimited  mutual  solubility  are  of  this  type. 

The  second  type  includes  solutions  «dth  isothermal  total-pressure 
curves  characterized  by  a  maximum.  A  typical  example  of  such  a  mixture 
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is  a  mixture  of  carbon  bisulfide  and  acetone,  eiqperiaental  data  for  which 
are  given  in  Fig*  17  a  ’  90Q>erature  of  35*2" .  Along  the  abscissa  ie 
plotted  the  molar  fraction  of  carbon  bisulfide  and  along  the  ordinate  the 
total  vapor  pressure,  measured  in  mm  Hg.  One  curve  characterizes  the  dep¬ 
endence  of  the  composition  of  the  liquid  phase  and  the  other  that  of  the 
vapor  phase  on  the  vapor  pressure. 

It  is  clear  from  the  figure  that  for  mixtures  with  a  molar  fraction 
of  carbon  bisulfide  less  than  0*67  the  vapor  phase  is  richer  in  carbon  bi¬ 
sulfide  than,  the  liquid  phase,  and  that  as  the  molar  fraction  of  CS2  in  the 

solution  increases,  so  does  the  total  vapor  pressure;  for  mixtures  with  a 
molar  fraction  of  CS^  greater  than  0*67  the  vapor  phase  is  richer  in  acetone 

and  adding  CS^  to  the  solution  leads  to  a  reduction  in  the  vapor  pressure  p. 

Konovalov's  law,  defined  above,  holds  here  too* 

The  figure  also  reveals  that  the  vapor  above  a  solution  with  a  molar 
fraction  of  CS^  equal  to  0.67  has  the  same  composition  as  the  solution  itself. 

Mixtures  with  vapors  having  the  sane  composition  as  the  solution  are  called 
azeotropic. 


p.Mtf  pmcm 


Fig*  17:  Dependence  of  total 
vapor  pressure  (mm  Hg)  on  com¬ 
position  of  mixtures  of  carbon 
bisulfide  and  acetone  at  con¬ 
stant  temperature.  Left:  liquid; 
rlj^t:  vapor. 


Fig.  18:  Dependence  of  boilixig 
point  of  mixtures  of  ethyl  al¬ 
cohol  and  benzene  on  phase  com¬ 
position  at  cosostant  pressure. 
Ordinate:  boiling  point,  degrees; 
Top:  vapor;  bottom:  liquid. 


Fig.  18  shows  the  dependence  of  the  boiling  point  at  constant  press¬ 
ure  on  the  composition  of  a  mixture  of  ethyl  alcohol  and  benzene,  a  miAture 
of  the  second  type.  The  molar  fraction  of  benzene  is  plotted  along  the 
abscissa.  The  lower  curve  shows  the  depend.enoe  of  the  boiling  point  on  the 
composition  of  the  solution,  and  the  upper  its  dependence  oh  that  of  the 
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vapor,  in  aqiiillbrlum  with  the  solution.  It  is  easy  to  see  that  when 
benzene  is  added  to  the  solution,  the  wl — in  the  boiling  point  of  the 
mixture  is  non-monotone,  and  the  dependence  of  the  boiling  point  on  the 
composition  of  the  mixture  is  represented  by  a  curve  with  a  minimum.  Ihe 
composition  of  the  solution  with  the  miniiBUffl  boiling  point  is  the  same  as 
that  of  the  vapor.  The  mixture  corresponding  to  the  minimum  b.p.  will  be 
azeotropic . 

The  results  shown  in  Hgs.  17  and  l8  Illustrate  Konovalov's  second 
law,  tdiich  states  that  "at  extremes  of  vapor  pressure  or  of  boiling  point 
the  compositions  of  the  liquid  and  vapor  phases  of  mixtiures  coincide" 
/20,21/.  The  coiq>08ition  and  boiling  point  of  an  azeotropic  mixture  depend 
on  the  pressure.  This  is  evident  from  the  data  given  below: 

Mixture  of  ethanol  and  water 


Pressure,  am  Hg 

100 

150 

200 

400 

760 

1100 

1450 

B.P.  of  azeotrope,  “C 

34.2 

42.0 

47.8 

62.8 

78.1 

87.8 

95.3 

Content  of  ethanol 
in  azeotrope,  mole 

99.6 

96.2 

93.8 

91.4 

90.0 

89.3 

89.1 

Mixture 

of  ethyl  alcohol  and  ethyl 

acetate 

Pressure,  aa  Hg  25  50 

100 

200 

400 

.600 

760 

900  1200  1500 

B.P.  of  azeotrope, 

®C  -1.4  10.6 

23.8 

38.4 

54.9 

65.4 

71.8 

76.5 

85  91.8 

Content  of  adcohol 
in  azeotrope,  mole  %  22.1  24.6 

28.2 

33.4 

39.6 

43.6 

46.4 

48.5 

52.2  55.4 

The  third  typo  of  infinitely  miscible  liquids  includes  mixtures  with 
a  total  vapor  pressure  characterized  by  a  minimum  at  constant  temperature. 

An  exao^le  of  such  a  system  is  provided  by  a  mixture  of  acetone  and  chloro¬ 
form  (see  Fig.  19  for  e3q>erlaental  data).  Along  the  abscissa  are  plott^ 
molar  fractions  of  chloroform,  and  along  the  ordinate  vapor  pressure  in 
mm  Eg;  the  lower  curve  shows  the  dependence  of  the  vapor  pressure  on  the 
composition  of  the  vapor  phase,  the  upper  cxirve  the  relation  between  the 
vapor  pressure  over  the  solution  and  the  composition  of  the  solution.  The 
figure  shows  that  the  composition  of  the  vapor  over  a  solution,  the  molar 
fraction  of  chloroform  in  which  is  equal  to  0.62^,  is  the  same  as  that  of  the 
solution;  the  liquid  phase  of  a  mixture,  the  molar  fraction  of  chloroform  in 
which  is  less  0.625,  is  richer  in  chloroform  than  the  vapor  phase  in 

equilibrium  with  it,  while  the  opposite  situation  applies  when  the  molar 
fraction  of  chloroform  in  the  mixture  is  greater  tluin  0.625. 

Fig.  20  shows  the  dependence  of  the  boiling  point  at  constant  press¬ 
ure  on  the  composition  of  a  mixttire  of  nitric  acid  and  water,  a  mixture  of 
the  third  type.  The  molar  fraction  of  nitric  acid  is  plotted  along  the 
abscissa.  The  curves  in  the  figure,  relating  the  b.p.  and  the  compositions 
of  the  liquid  and  vapor  phases,  are  characterized  by  maxima  and  have  a 
common  point,  corresponding  to  an  azeotropic  mixture. 

It  is  easy  to  see  that  mixtures  of  the  third  type  obey  both  the 
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first  and  second  of  KonoTSlor's  laws 


FLg.  19:  Dependence  of  vapor 
pressure  of  a  mixture  of  ace-- 
tone  and  chloroform  on  phase 
composition  at  constant  temp¬ 
erature.  Ordinate:  pressure « 
m  Hg;  left:  vapor;  ri^t: 
liquid. 


Fig.  20:  Dependence  of  boiling 
point  of  mixtures  of  nitric  acid 
and  water  on  phase  composition 
at  constant  pressure.  Ordinate: 
teinperaturet  degrees;  left:  vapor; 
right:  liquid. 


It  is  clear  from  Figs.  17*  18*  19  und  20  that  the  curves  p(x)  and 
piy)  have  a  dependence  opposite  to  that  of  curves  ^x)  and  ^(y) .  The 
maximuffl  of  the  total  vapor  pressure  at  constant  temperature  corresponds 
to  a  minimum  of  the  boiling  point  at  constant  pressure  and  vice  versa* 


11.  Mixtures  of  Liquids  of  Limited  Miscibility 

An  example  of  a  mixture  of  this  type  is  a  mixture  of  aniline  and 
water,  which  up  to  a  certain  limiting  concentration  will  give  a  homogen¬ 
eous  solution.  If  further  mter  is  added,  on  shaking  the  mixture  separates 
into  two  layers:  the  lower  consisting  of  aniline  saturated  with  water  and 
the  upper  consisting  of  water  saturated  with  aniline;  when  the  £imount  of 
water  added  becomes  sufficiently  large,  a  homogeneous  solution  is  again 
obtained,  but  this  will  be  a  solution  of  aniline  in  water. 

The  muttial  solubility  of  liquids  with  limited  miscibility  depends 
on  the  temperature.  The  classic  investigations  of  V.F.  Alekseyev  have 
shown  that  the  solubility  of  liqtiids  increases  in  some  systems  tdth  in¬ 
crease  eoid  in  others  with  decrease  in  tessera tiire.  The  solubility  of  anil¬ 
ine  in  water  and  of  water  in  aniline  increases  with  increase  in  temperature 
and  at  the  critical  point  becomes  unlimited.  This  unlimited  solubility  is 


35 


remains  during  further  heating.  Solubility  in  the  system  diethylamine-water 
increeuses  with  decrease  in  temperature  and  at  temperatures  below  the  critical 
the  two  liquids  have  unlimited  In  certain  mixtures  two  critical 

points  are  obserred. 

The  composition  amd  vapor  pressure  of  a  saturated  solution  of  A  in  B 
(e.g.  aniline  in  water)  and  a  saturated  solution  of  B  in  A  (e.g.  water  in 
aniline)  are  the  same  at  the  same  temperature.  This  can  be  proved.  Let 
us  take  a  ring»shaped  tube  and  Introduce  into  it  two  saturated  solutions 
of  the  Infinitely  miscible  liquids  A  and  B  (Fig.  21).  The  vapor  pressures 
over  the  solutions  in  the  tube  must  be  the  same. 

FLg.  22  shows  the  dependence  of  the  total  vapor  pressure  of  mixtiires  of  in¬ 
finitely  soluble  liquids  1  and  2  on  the  phase  composition.  Molar  flractions 
of  component  2  are  plotted  8Q.ong  the  aoscissa.  The  cuz^re  AC  characterizes 
the  vapor  pressure  over  the  solution  of  cooq>onent  1,  the  point  C  corres¬ 
ponding  to  a  saturated  solution  of  component  2  in  conponent  1;  the  length 
cut  off  by  a  perpendicular  from  point  C  along  the  abscissa  gives  the  molar 
fraction  of  component  2  in  this  saturated  solution.  OB  is  the  pressure 

curve  for  solutions  of  the  first  component  1  in  component  2  and  0  corres¬ 
ponds  to  a  saturated  solution  of  component  1  in  component  2;  x”  represents 

the  molar  fraction  of  component  2  in  the  solution.  The  mixtures  CO  are 
heterogeneous;  they  break  down  into  saturated  solutions  C  and  0. 

Curves  AS  and  EB  give  the  dependence  of  the  total  vapor  pressure  on 
the  composition  of  the  vapor  phase. 

If  we  construct  a  diagram  of  composition  v.  boiling  point  for  con¬ 
stant  pressure,  we  get  the  picture  shown  in  Fig.  23. 

Hexane  emd  methyl  alcohol  constitute  a  pair  of  substances  corres¬ 
ponding  to  figures  22  and  23* 

In  certain  circumstances  two  infinitely  miscible  liquids  may  give 
a  picture  different  from  that  discussed  above.  In  this  case  the  dependence 
of  the  total  vapor  pressure  at  constant  temperature  on  the  phase  composition 
is  represented  by  the  curves  in  Fig.  24.  This  ease  is  characterized  by  the 
fact  that  the  vapor  E  over  the  saturated  solutions  C  and  D  has  a  ccxnposltion 
lying  within  the  interval  x^  x^  . 

Fig.  25  gives  the  dependence  of  the  boiling  point  at  constant  press-r 
ure  on  the  phase  coo^osltion  for  the  second  case. 


12.  Mixtures  of  Liquids  with  Slifdit  Mutual  Solubility 

It  is  worth  paying  special  attention  to  mixtures  of  liquids  with 
slight  mutual  solubility.  Ekai^les  of  such  mixtures  are  toluene-water, 
benzene-water,  xylene-water,  etc. 

Fig.  26  shows  the  dependence  of  the  total  vapor  pressure  at  constant 
teiiQ>eratiure  on  the  composition  of  the  liquid  phase  of  mixtures  of  liquids 
characterized  by  slight  mutual  solubility.  The  molar  fraction  of  ccxnponent 
2  of  the  solution  is  plotted  along  the  abscissa.  Here  x^  is  nearly  zero 

and  x^  nearly  1 . 
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Fig.  21 


Fig.  22:  Total  vapor  praaaure 
of  infinitely  soluble  llqulda 
V.  phase  composition  for  con¬ 
stant  t«ig>eratnre.  Qrd. :  press¬ 
ure;  abse.:  composition;  cent¬ 
er:  vapor;  diagonsil:  liquid. 


Fig.  23:  Boiling  point  of 
infinitely  soluble  liquids 
V.  phase  composition  for 
coimtant  pressure.  Ord. : 
b.p.;  absc.:  composition; 
center:  vapor;  dlag. :  liquid. 


Fig.  24:  Vapor  pressure  of  in¬ 
finitely  miscible  liquids  v. 
phase  composition  for  coxistant 
tenq>erature.  Cf.  Fig.  22. 


cocmS  pas 


Fig,  23:  Bolling  point  of  in¬ 
finitely  soluble  liquids  v. 
phase  composition  (variant  2) 
for  constant  pressiure.  Cf. 
Fig.  23. 
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Fig*  26:  Vapor  pressure  v.  phase 
compositloii  of  mixtures  of  liquids 
%rith  slij^t  mutual  solubility  for 
fixed  temperat^lre.  Ordinate: 
pressure. 


In  the  region  AC  component  1  dominates  the  solution  and  should  be 
considered  the  solvent.  Ihe  partial  pressure  of  the  vapor  of  this  compon¬ 
ent  is  defined  by  Baoult's  law 


Pi  ~  Pi.o^i  —  Pi,o  (1  —  (1,24a) 

In  a  solution  belonging  to  the  region  AC  component  2  represents  an  inconsid¬ 
erable  quantity.  To  determine  the  partial  vapor  pressure  of  this  con^onent, 
it  is  necessary  to  make  use  of  Henry's  law,  according  to  which  at  constant 
teiiq>erature  the  concentration  of  a  gas  in  a  solution  is  proportional  to 
the  pressure  of  this  gas.  Thus,  we  can  write: 

• 

pt  =  ksXt,  .  (1.24b) 


where  is  a  proportionality  factor. 

For  a  saturated  solution  C 

Pt  =  Pi.o  (1  —  x'^  and  =  k^Xi.  (1.24c) 

In  a  solution  corresponding  to  the  region  DB  component  2  predominates 
and  should  be  regarded  as  the  solvent.  In  the  region  DB  the  partial  vapor 
presstire  of  this  component  will  be  equal  to 


(l.24d)  , 


Component  1  is  present  in  the  solution  in  smadl  quantities  and  thus 
its  partial  vapor  pressure  will  be 

pi  =  kixi  =  fei  (1  —  xt).  (l,24e) 


For  a  saturated  solution  D 


p2  —  PiydXi  Pi  A,  (I  JCa)- 

From  (1,24c)  and  (l,24f)  we  find: 

.  1-4 

Aj  =  P2.0— .  and  Ai-=  Pi.o-  • 


(1.24f) 


(1.24g) 
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The  total  vapor  preaaure  of  the  saturated  solutions  C  and  D  will  be 

P  =  Pi  +  Pt  =  Pi.o  (1  —  4)  +  Pi.oxl  .  (1.24h) 

Formula  (1.24h)  defines  the  vapor  r^ssure  not  only  of  the  solutions  with 
concentrations  and  but  also  of  mixtures  with  a  molar  fraction  of 

component  2  lying  between  x^  and  x” «  Such  mixtures  may  be  regarded  as 

mixtures  of  the  saturated  solutions  C  and  0. 

For  mixtures  of  liquids  with  very  slifi^t  mutual  solubility  the 
value  of  x^  is  close  to  zero,  tdille  x^  is  close  to  unity;  accordingly,  with 

sufficient  accuracy: 

p  —  Pho  +  Pi,o>  ,  (l,24i) 

i.e.  the  total  pressure  of  vapor  in  equilibrium  with  mixtures  of  very  slif^t- 
ly  mutually  soluble  liquids  is  equal  to  the  sum  of  the  saturation  vapor 
pressures  for  the  pure  componw^ts*  In  such  oases  the  molar  fraction  of  the 
second  component  in  the  vapor  phase  will  be  equal  to 

V-.  ■ 

Since  the  boiling  point  of  liquids  is  equal  to  the  ten^erature,  at 
which  the  saturated  vapor  pressure  is  equal  to  the  external  pressure, 
and  the  total  vapor  pressure  over  liquids  with  very  slight  mutual  solubility  is 
the  sum  of  the  sativated  vapor  pressures  of  the  conqjonents  of  the  mixtures, 
then  the  boiling  points  of  such  mixtures  will  always  be  lower  than  the  boil¬ 
ing  point  of  the  pure  components.  Let  us  coxisider  some  exaiaples. 

The  b.p.  of  benzene  is  80.2°  and  that  of  a  mixture  of  water  and 
benzene  69*2°.  The  molar  fraction  of  water  in  the  vapor  phase  of  the  boil¬ 
ing  mixture  is  then  equal  to  0.30. 

Toluene  boils  at  110.7°  and  a  mixture  of  toluene  and  water  at  84.3°. 

In  this  case  the  molar  fraction  of  water  in  the  vapor  is  0.36. 

Tbe  b.p.  of  m-xylene  is  139°  and  that  of  a  mixture  of  xylene  and 
water  92.3°.  molar  fraction  of  water  in  the  vapor  phase  of  the  mixture 

is  0.76. 

These  exanq>les  show  that  the  molar  fraction  of  water  in  the  vapor 
phase  of  a  mixture  increases  with  increase  in  the  boiling  point  of  compon¬ 
ent  2. 


13.  Ignition  Temperature  of  Binary  Mixtures  of  Combustible  Liquids 

The  ignition  of  binary  mixtures  of  infinitely  soluble  combustible 
liquids  has  been  investigated  by  P.G.  Ipatov  /22/.  In  Ipatov's  experiments 
solutions  of  liquids  were  poured  into  a  glass  tube  3  mm  in  diameter  and 
the  ignition  temperatures  of  the  solutions  determined  for  different  distances 
from  the  surface  of  the  liquid  to  the  edge  9f  the  tube.  Fig.  27  shows  the 
results  for  toluene  +  benzene,  which  behaves  like  am  ideal  solution.  Fig.  28 
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those  for  Isoamyl  +  ethyl  alcohol,  a  normal  type  with  positive  deviation 
of  the  pressure  from  that  C  0.4.0  mJlca  in  accordamce  with  the.  laws  of  ideal 

solutions.  Fig.  29  shows  the  results  for  Imperfect  mixtures  of  ethyl 
alcohol  and  benzene,  for  which  the  cxurve  of  total  pressure  has  a  maximum. 

Ihe  ignition  temperature  is  plotted  along  the  abscissas  and  the  distance  h 
between  the  level  of  the  1?  quid  in  the  tube  and  the  flame  along  the  ordin¬ 
ates. 

The  curve  m^lrked  1  in  Fig.  27  shows  ^or  pure  benzene;  curve  6 

that  for  toluene,  and  curves  2,  3»  ^  and  5  those  for  mixtures  containing 
0.8,  0.6,  0.4  and  0.2  molar  fractions  of  benzene  in  the  solution.  It  is 
clear  from  the  figure  that  the  curves  for  mixtures  of  benzene  and  toluene 
lie  between  the  curves  for  the  pure  components  and  the  further  from  the 
benzene  curve  the  less  the  molar  fraction  of  benzene  in  the  mixture.  This 
means  that  for  a  given  h  the  ignition  ten^erature  of  these  mixtures  varies 
uniformly  with  changes  in  their  composition. 

Fig.  30  shows  the  dependence  of  the  ignition  temperature  of  mixtxires 
of  toluene  and  benzene  on  the  composition  of  the  liquid  (curve  A)  and  vapor 
(curve  B)  phsises  for  consteint  h.  Hie  figure  shows  that  the  temperature 

varies  uniformly  with  changes  in  the  concentration  of  the  components  in  both 
the  liquid  and  the  vapor  phases.  The  simplest  dependence  is  that  between 
the  ignition  temperature  and  the  composition  of  the  vapor  phaSb:  if  by  „ 

we  denote  the  ignition  temperature  of  the  mixtiire,  by  _  auid  , 

JDeXe  D«D« 

the  ignition  temperatures  of  the  toluene  and  the  benzene,  euid  by  y  the 
molar  fraction  of  benzene  in  the  vapor  phase,  then  the  experimental  data 
satisfy  the  following  relation: 

^B.  c  =  T  +  (^B.  6  t)  y-  (1.25) 

The  dependence  of  on  the  composition  (analogous  to  Fig,  30)  was 

also  observed  by  Ipatov  for  mixtures  of  benzene  and  ethyl  ether,  ethyl  and 
methyl  alcohol,  ethylene  chloride  and  benzene  and  benzene  sind  acetone.  All 
these  can  be  regarded  as  ideal  mixtures.  The  ignition  temperature  varies 
linearly  with  variation  in  the  molar  frac^on  of  one  or  the  other  component 
in  the  vapor  phase. 

Fig.  28  shows  that  the  curves  Vg(h)  of  mixtures  of  ethyl  and  isoamyl 
alcohol  follow  in  order  of  increasing  molar  ftaction  x  of  ethyl  alcohol  in 
the  solution  (as  with  the  mixtures  of  benzene  and  toluene).  Fig.  31  gives 
the  dependence  of  the  ignition  temperature  on  the  phase  composition  of 
these  mixtures.  In  this  case  the  relationship  is  graphically  represented 
by  curves.  The  same  thing  is  observed  for  mixtures  of  toluene  and  acetone, 
mixtures  of  the  normal  type  with  a  positive  deviation  of  the  pressure  from 
that  of  ideal  mixtiires. 

It  is  clear  from  Fig,  29  that  the  curves  *^(11)  for  mixtures  of 

ethyl  alcohol  and  benzene  lie  to  the  left  of  the  corresponding  curves  for 
the  pure  components.  This  order  of  the  components  confirms  the  fact 

that  the  ignition  temperature  of  these  mixtures  does  not  vaury  monotonically 
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^g*  30:  Depsndence  of  ignition 
temperature  of  mixtures  of  tol¬ 
uene  and  benzene  on  phase  com¬ 
position.  Ordinate:  Ignition 
temperature*  degrees;  abscissa: 
phase  composition;  left:  toluene; 
right:  benzene. 


Fig,  31:  Dependence  of  igilit- 
ion  temperature  of  mixtures  of 
ethyl  emd  isoamyl  alcohol  on 
phase  composition.  Ordinate: 
ignition  temperature*  degrees; 
abac . :  phase  composition;  left : 
isoamyl;  rij^t:  ethyl  alcohol. 


with  yeuriation  in  the  phase  composition.  !nie  ignition  temperature  of  some 
mixtures  is  lower  than  that  of  the  pure  components.  An  amalogous  picture  is 
observed  in  connection  with  mixtiures  of  toluene  and  ethyl  alcohol  and  methyl 
alcohol  and  benzene,  imperfect  mixtures  with  a  pressure  maximum. 

We  may  assume  that  '^(x)  and  '»^(y)  for  inqperfect  mixtures  with  a 

pressure  minimum  will  form  curves  with  maxima,  and  that  the  ignition  teo^er- 
ature  of  some  of  these  mixtures  will  be  higher  than  that  of  the  pure  com¬ 
ponents  . 

!nie  laws  governing  the  ignition  of  mixtures  of  combustible  liquids 
can  be  e^qilained  on  the  basis  of  the  same  assumptions  as  were  made  in  des¬ 
cribing  the  ignition  of  Individual  liquids  and  with  reference  to  the  theory 
of  solutions.  This  can  be  done  as  follows  /22/. 

Having  appeared,  a  flame  will  not  go  out,  if  vapor  auid  oxygen  are 
supplied  to  it  at  a  sufficiently  high  rate.  The  vapor  will  enter  the  com¬ 
bustion  zone  as  a  result  of  diffusion  and  molecular  motion.  If  by  and 

we  denote  the  number  of  moles  of  the  first  and  second  components  enter¬ 
ing  1  sq.  cm  of  flame  per  second,  by  n^  and  the  molar  concentrations  of 
the  components  in  the  vapor  phase,  by  D^  and  the  coefficients  of  diff¬ 
usion  of  vapors  of  the  components  of  the  mixtiire  and  let  the  z-axis  run 
along  the  axis  of  the  tube  from  the  liquid  to  the  flame,  then  we  can  write: 
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4- ««!  =  Ni, 


A 


dnt 

‘¥~ 


+  Uflt  =  A^2 


a.25a) 


Between  the  flame  and  the  liquid  there  will  be  ivltrogen,  the  dl8trlb> 
utlon  of  which  Is  given  by: 

_D-^+«n3=0.  (1.25b) 

where  u  Is  the  rate  of  flow  of  the  vapor. 

Iff  Instead  of  molar  concentrations*  we  introduce  Into  (1.25a)  the 
molar  fractions  y^  and  y^  of  the  coaponents  in  the  vapor  phase  and  bear  in 

mind  that 

■  o  —  ,1  _  ”« 

ni  +  nj  ’  "  «i  +  n,  • 


then*  adding  the  left  hand  and  right  hand  sides  of  equations  (a)  and  (b)  and 
using  Mendeleyev’s  law*  we  get 


+  ^t?t)  (/>i  +  P2)  +  +  u  ^  =  yy.  (1.25c) 


Here  p^, ,  p^ 
of  nitrogen 


and  p^ 
and 


are  partial  pressures  of  the  components  of  the  mixture  and 

JV  =  Ni  +  Nt. 


It  is  clear  that 


pi  +  P2  +  ps  «=  po, 


where  p^  is  the  atmospheric  pressure. 

^1^1  *  ^2^2  regarded  as  a  quantity  playing  the  part  of  diff¬ 
usion  coefficient  for  the  vapors  of  the  mixture  /23/.  Thus*  we  can  assume 
that 


D  =  Ditfi  +Dty2. 


(1.25d) 


Now  equation  (1.25c)  can  be  rewritten  in  the  form: 

“  (1.25e) 


Neglecting  variation  in  temperature  in  the  region  between  the  liquid  and 
the  flame*  we  get: 

a; 

N  • 

(1.25f) 

Adding  equations  (1.25a )«  bearing  in  mind  (1.25c)  and  (1.25d)  and  using 
Mendeleyev's  law*  we  get: 

_ —  BL  w 

dz  ~  D  " 


i'-k)’ 
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where  P  »  +  P^* 


If  the  origin  of  the  coordinat^^  is  put  at  the  surface  of  the  liquid, 
and  the  distance  from  the  liquid  to  the  flame  denoted  by  h,  the  boundary 
conditions  may  be  written  as  follows:  when  z  ■  0,  p  =  n  ,  where  tc  is  the 
saturated  vapor  presstire  of  the  solution;  when  z  =  h,  p  =  0. 

For  these  boxmdary  conditions  the  solution  of  (1.25g)  will  have  the 

fonn: 


n  =  po  (1  — 


(1.26) 


where 


JL 

D  • 


(1.26a) 


Equation  (1.26)  es^resses  the  relationship  between  the  saturated  vapor 
pressure  of  the  mixture  at  the  ignition  temperature  and  the  quantities  b  and 
h.  This  equation  is  the  same  as  the  corresponding  equation  for  an  individual 
liquid. 

During  the  combustion  of  mixtures  of  liquids  the  height  of  the  flame 
will  be  equal  to: 


where  is  the  number  of  moles  of  oxygen  entering  the  flame  per  sq.  cm  per  sec 
and  n^^  aure  the  diffusion  coefficient  and  molar  concentration  of  the  oxygen; 
r  is  the  radius  of  the  tube. 


It  is  evident  that  for  complete  combustion 


iVo  =  fiiNi  +  fONi  =  fiN,  (1.26b ) 

where  and  are  the  numbers  of  moles  of  oxygen  required  for  the  com¬ 
bustion  of  a  mole  of  the  first  and  second  components  respectively. 

From  (1.26b)  it  follows  that 


p  =  Pit/i  4- 


(1.26c) 


Taking  into  account  (1.26a),  (1.26b)  aind  the  dependence  of  D  on  the 
ten^erature,  we  get: 


b  =  4.273^  6 

Po 


1 


(l.26d) 


Equation  (1.26)  is  in  satisfactory  agreement  with  experiment.  Figs. 

27 »  28  and  29  show  curves  drawn  in  accordance  with  this  formula.  In  plotting 
these  curves  values  of  n  were  taken  from  tables,  and  values  of  b  were 
chosen  so  that  the  curve  would  correspond  as  closely  as  possible  to  the  ex¬ 
perimental  data. 

For  mixtures  of  liquids  with  fairly  similar  Ignition  temperatures  it 
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is  possible  to  assuse  that  for  fixed  yalues  of  r,  S,  and  n^^ 

4.273»-£-6^.^=ao  =  const 
and  •  '  " 

*  h  —  °9 

^  ~  ~lW  (1.26e) 

!Cable  1*5  gives  values  of  a  s  b^  D  P  for  a  series  of  mixtures  and 

O  0X  o 

for  the  conditions  under  which  Ipatov's  e3q>eriments  were  carried  out. 

As  the  Thble  shows,  there  is  little  change  in  a^  when  the  composition 

of  the  mixture  is  varied.  Hence,  if  we  take  a  mean  value  of  a  s  0.2^4  and 

o 

values  of  and  P  ,  then  with  sufficient  accuracy  we  can  use  (1.26e)  to 

find  the  value  of  b  for  the  mixtures  in  which  we  are  interested,  and,  having 
information  about  the  saturated  vapor  pressure  of  the  mixture,  we  can  also 
determine,  making  use  of  (1.26),  the  ignition  temperature  of  the  mixture 
under  the  given  conditions. 

Where  bh  is  small  compared  with  unity,  instead  of  (1.26)  we  can  write 

n  ==  pobh.  • 

For  constant  h  we  get: 

-1.  A 

(1.27) 

where  D  is  a  constant  for  a  given  Instziinent; 

3  is  determined  from  (1.26b); 

D  is  the  diffusion  coefficient  for  the  mixture,  found  from  (1.23d) 

°  and  taken  for  0®. 

Ihble  1.6  gives  values  of  the  coefficients  b,  computed  from  (1.26e) 
and  found  by  experiment.  In  computing  b  the  value  of  a^  was  taken  equal  to 

the  mean  value  in  Table  1.5.  In  Table  1.6  the  computed  values  are  given 
in  the  numerator,  the  e3q)erimental  values  in  the  denominator. 

These  results  show  that  the  ignition  points  of  mixtures  of  liquids 
are  not  constants  of  the  mixtures  but  depend  on  the  corresponding  conditions 
We  shall  now  examine  the  dependence  of  the  ignition  point  on  the  com¬ 
position  of  the  mixture. 

At  the  ignition  tenperature  the  saturated  vapor  pressure  of  mixtures 
of  liquids  is  found  from  equations  (1.26)  and  (1.27).  It  is  clear  that  the 
ignition  point  of  mixtures  is  equal  to  their  boiling  point  for  an  external 
pressure 

p'  =  Po(l  —  e-*'*).  (1.28) 

Gelation  (1.28)  permits  a  nimiber  of  conclusions. 

If  the  quantity  b  entering  into  (1.26),  (1.27)  and  (1.28)  does  not 


b  is 
ex 


the  value  of  b  found  by  experiment. 
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Table  1.5 


CoaponentB 

A  B 


Toluene 

Benzene 

Benzene 

Ethyl  ether 

Ethyl  alcohol 

Methyl  alcohol 

Ethylene 
chloride  ... 

Benzene 

Isoamyl 

alcohol  .  .  . 

Ethyl  alcohol 

Benzene 

Acetone 

Toluene 

Acetone 

Ethyl 

alcohol  .  .  .- 

Benzene 

Toluene 

Ethyl  alcohol 

Molar  fractiong  of  component  B  Mean 


0 

0.2 

0.4 

0.6 

0.8 

0,242 

0,243 

0,246 

0,222 

0,238 

0,222 

0,246 

0,239 

0,249 

0,262 

0,243 

0,270 

0,243 

0,243 

0,263 

0,252 

0,234 

0,222 

0,223 

0,238 

0,240 

0,270 

0,272 

0,266 

0,268 

0,265 

0,243 

0,264 

1  0,263 

1  0,260 

1  0,257 

1  0,250 

0,260 

0,264 

0,260 

0,243 

0,242 

0,262 

0,252 

0,260 

0,245 

0,263 

0,252 

0,264 

0,244 

0,268 

0,268 

0,260 

0,250 

0,263 

0,262 

0,268  1 

0,258 

0,238 

0.243  1 

0.255 

1  0,242 

1  0,271 

i 

0,234 

0,262 

0,259 

0,262 

0,256 

Table  1.6 


CoBQ)onent8 


A 

B 

Toluene 

Benzene 

Benzene 

Ethyl  alcohol 

Ethylene 

Benzene 

chloride 

Benzene 

Acetone 

Toluene 

Acetone 

Ethyl  alcohol 

Methyl  sdcohol 

Isoamyl 

Ethyl  alcohol 

alcohol 

Ethyl  alcohol 

Benzene 

Toluene 

Ethyl  alcohol 

Chloroform 

Acetone 

Molar  fraetiona  of  component  B 


0 

0.2 

0.4 

0.6  1 

o.a 

1.0 

•0,3« 

0,40 

0,41 

0,41 

0,42 

0.42 

**0,38 

0,40 

0,40 

0,42 

0,43 

0,42 

0,42 

0,47 

0,49 

0,51 

0,52 

0,52 

0,42 

0,43 

0,45 

0,50 

0,56 

0,58 

1  1.17 

0,88  1 

0,70  1 

0,59  1 

0,52 

0,45 

1  1.12 

0,90  1 

0,71  1 

0,60 

0,52 

0,42 

0,45 

0,53 

0,62 

0,69 

0,75 

0,81 

0,42 

0,54 

0,62 

0,70 

0,76 

0,84 

0,39 

0,64 

0,65 

0,71 

0,76 

0,78 

0,38 

0,54 

0,64 

0,72 

0,74 

0,84 

0,78 

0,86 

0,93 

1,03 

1,10 

1,21 

0,86 

0,90 

0,91 

0,96 

1,03 

1.12 

0,59 

0,63 

0,76 

0,83 

0,84 

0,85 

0,60 

0,83 

0,63 

0,60 

0,75 

0,54 

0,80 

0,51 

0,83 

0,49 

0,86 

0,44 

0,86 

0,62 

0,57 

0,52 

0,46 

0,42 

0,40 

0,53 

0,58 

0,63 

0,69 

0,83 

0,38 

0,56 

0,58 

0,65 

0,70 

0,86 

1,04 

0,92 

0,87 

0,83 

i,(» 

0,90 

0,88 

0,84 

Coefficient  b  computed  (numerator) 
Coefficient  b  experimental  (denominator) 
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dofpend  on  the  composition  of  the  nix',  re,  then  for  a  given  value  of  h  for 
a  mixture  of  two  known  components 

p'  =  3t  =  const. 


In  this  case  the  dependence  of  the  ignition  ten^erature 


on  the  composition 


of  the  liq\d.d  and  vapor  phases  of  the  mixture  is  graphically  represented  by 
curves  coinciding  with  the  curves  giving  the  relationship  between  the  boiling 
point  and  the  phase  composition  for  constant  pressure,  determined  from 


(l*2d)  for  bh  ■  const. 

If  b  depends  on  the  composition  of  the  mixture,  then  for  constant 
h  =  h  curves  <i^(x)  and  “^(y)  will  coincide  with  curves  and  “^^Cy) 


provided  that  the  external  pressure  p*  is  determined  from  formula  (1.28), 
in  which  b  is  a  corresponding  function  of  the  composition. 

It  is  clear  that  curves  snd  i^(y)  for  variable  b  differ  from 

the  curves  giving  as  a  function  of  x  and  y  for  constant  pressure,  this 


difference  being  the  greater  the  more  strongly  b  depends  on  the  composition 
of  the  mixture,  but  the  nature  of  the  curves  showing  the  dependence  of 

and  at  constant  pressure  on  the  phase  cooqposltlon  will  be  the  same. 


Ihus,  with  ioqperfect  mixtures  of  the  t^e  oharacterimed  by  the  presence 
of  a  minimum  in  curves  and  P'  »  const.,  there  must  be  a 

mlnimuffl  in  the  curves  and  <^(y)*  Such  curves  have  been  obtained  by 


Ipatov  in  his  investigations  into  the  ignition  of  imperfect  mixtures  of  the 
second  type. 

In  the  case  of  liiq)erfect  mixtures  with  isobarlc  curves  t^LCx)  and 

i)  ^ 

'^v-(y)  characterized  by  a  maximum,  the  dependence  of  on  x  and  y  must  be 

o 

represented  by  curves  with  maxima.  Ihe  addition  of  one  component  to  the 
other  must  then  lead  to  the  formation  of  mixtures  with  ignition  points  higher 
them  those  of  the  pure  components. 

Obviously,  minima  and  maxima  in  the  ignition  curves  must  correspond 
to  azeotropic  mlxttures. 

It  should  be  noted  that  %dth  variation  in  the  Ignition  conditions 
the  curves  '‘^gCx)  and  'i^g(y)  and  the  positions  of  the  maxima  and  minima  will 


change. 

Let  us  now  look  more  closely  at  the  dependence  of  the  ignition  point 
of  ideal  mixtures  on  the  composition  of  the  vapor  phase.  We  shall  limit 
the  discussion  to  cases  where  b  may  be  considered  constant  and  the  ignition 
points  of  the  components  are  fairly  close. 

For  ideal  mixtures  relation  (1.23)  holds  and  this  can  be  rewritten 
in  the  foimi: 


**  —  *1,0  +  (3*2,0  —  3*l,o)  ■*** 


(1.28a) 


where  s  is  the  total  vapor  pressure  of* the  mixture; 


4? 


n.  .  axid  n.  .  aro  the  saturated  vapor  pressures  of  the  pure  components 
*  *  at  the  Ignli '  tenqserature  of  the  mixture; 

X.  is  the  molar  fraction  of  the  second  component  in  the  solution. 


From  (1*24)  it  follows  that 


Xi 


ay 


l  +  (a'-l)y,  • 


(1.28b) 


where  is  the  molar  fraction  of  the  second  component  in  the  vapor  phase, 

^  .  «1.0 

a  =  -- —  . 

Substituting  the  value  of  x^  from  (1.28b)  in  (1.28a),  we  find  that  for  ideal 
mixtures :  * 


a  = 


a'a, 


'2.0 


l+(a'  — !)«,,  • 


If  by  T  and  T.  we  denote  the  ignition  temperatures  of  the  mixture 
O  c 

and  the  second  coaQ>oment,  measured  in  degrees  on  the  absolute  scale,  and  by 
the  difference  between  these  temperatures,  then 

Since  BmaHl  compared  with  luaity, 

1  1  _  1  /, _ i.\_  _L _ L 

I  TiV  Tt)~  Tt  r*  ’ 


Tt 


0  +  ^) 


and 


where 


a*.o=  ae  , 


n  =  ae 


Q 

RT, 


and  is  equal  to  the  saturated  vapor  pressure  of  the  second  component  at  the 
ignition  teoperatwe  of  this  component; 

Q  is  the  heat  of  vaporization  of  a  mole  of  the  liquid. 

If  0^  is  significantly  less  than  unity,  then  %dth  sufficient 
8TI 


accuracy: 


sr’ 


and 
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(1.28c) 


!Dius«  with  the  assuB^tions  made  above,  we  can  write 
*  “H  (i  4 

Since  a*  varies  slowly  trith  change  in  temperature,  it  follows  from 
(1.28c)  that 

where  and  corresponding  constants,  the  value  of  «d>lch  is  easy 

to  determine.  In  fact,  when  y2  ■>  0,  ^2* 

y^  «  1,  and,  henee,  ‘d-m  0,  Whence 


And 


—  da,  ei  +•  et  =s  0 
dc  =*  di  +  (da  —  di)  y%. 


(1.28d) 


Here  (u:e  the  ignition  temperatures  in  **C  of  the  mix* 

ture  emd  th.e  first  and  second  eoBg)oasnto.  Accordingly,  where  b  is  jpractic* 
ally  independent  of  the  ccHBpositlon  of  the  mixture  and  the  ignition  points 
of  the  components  are  close,  the  ignition  teiig>erature  of  an  ideal  mixture 
of  the  liquids  is  a  linear  fhnotion  of  the  molar  fraction  of  a  component 
in  the  vapor  phase. 

Ihese  conditions  are  satisfied  by  mixtures  of  bensene  and  toluene. 
Ipatov's  e:q>eriaent5  show  that  the  ignition  temperatures  of  ouch  mixtures 
actually  obey  relation  (1.28d). 


l4.  Ignition  Points  of  Mixtures  of  Ctombustible  and  Incombustible  LlQulds 

There  are  no  data  in  the  literature  concerning  the  ignition  points 
of  mixtures  of  combustible  and  incombustible  liquids.  We  shall  therefore 
confine  ourselves  to  certain  theoretical  considerations,  which  we  shall 
test  indirectly. 

We  shall  assume  that  we  have  a  homogeneous  mixture  of  a  combustible 
and  an  incombustible  liquid  (e.g.  a  mixture  of  ethyl  alcohol  and  water) 
contained  in  a  cylindrical  tube  and  at  a  tenqperature  equal  to  the  ignition 
teaqperature.  Suppose  now  that  a  flame  is  brought  up  to  the  end  of  the  tube. 

Ihe  distribution  of  concentrations  of  the  components  and  nitrogen  in 
the  region  lying  between  the  liquid  and  the  flame  will  be  detexmined  by  the 
solution  of  the  equations: 

_  Di ^  +  urti  =  Ni,  -.0*-^  +  «ns  «  - £>s +  um  =  0.  (1,29) 

Here  the  subscript  1  refers  to  the  combustible,  2  to  the  incombustible  liquid 
and  3  to  nitrogen;  the  notation  is  the  same. as  in  the  previous  section. 

If  we  assume  that 

Di«-D»=D«=D, 
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(1.29a) 


then  it  is  easy  to  arrive  at  the  equation 


dp 

dz  ~  D 


in  which 

p  =>  pi  +pt. 

In  this  ease  the  boundary  conditions  oay  be  written  as  follows: 
at  the  surface  of  the  ttizture  (*  »  0)  p  «  u  «  +  Hg*  ''^®***  *  total 

saturated  vapor  preesure  of  the  mixture  at  the  ignition  tenqserature,  and 
and  Xg  are  the  partial  pressures  of  the  eoo^oaents  of  the  mixture;  when 

z  ■  h  (in  the  flame)  p^  ■  0,  and  Pg  n  YXg,  where  Y  is  a  factor  close  to 

unity. 

For  these  boundary  conditions  the  solution  of  (1.29a)  may  be  written: 

XI  =  po  —  ni  -  (p„  -  YX,)  eri’O.  (1.29b ) 


where 


If  Y  »  1, 


and 


and  since 


&  = 


RT^N 

"Sd"* 


XI  =>  (po  —  Xj)  (1  —  e-“) 


an*  =  a  —  Nt, 

RT 

u^(Nx  +Nt)-^, 


(1.29c) 


«*  _ 


•• 


The  hel^t  of  the  flame 


(1.29d) 


6  = 


and 


Hence, 


«>K«K  ’ 


No  =  m- 


•  ==  W^riK 


3r« 


From  (1.29d)  and  (1.29e)  it  fallows  that 

6 


Af  =  yVi  +)V*  =  4DKnK 


Po 


3r*  p« -Ttt’ 


(1.29e) 
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Xhus 


(l*29f) 


*  . 
Pc  —  **9  * 


In  this  case I  when  bh  is  snail  con^ared  with  unity. 


«i  =  (po  —  Jti)  bh  = 


_ B 

Wl\ 


(1.29g) 


where 


S  4.273^  “jy  * 


M 

7» 


For  tl^  two  liquids  in  question,  when  xij^,  $,  h  and  r  are  fixed,  if 
the  rariation  in  concentration  is  snail,  we  can  assune  that 

— =  const  =  C, 

^  (1.30) 

and  n.  ■  C. 


Froa  (1.30)  it  follows  that  the  ignition  teiaperature  of  homogeneous 
mixtures  of  eonbustible  and  incombustible  liquids  is  equal  (with  the  aissumpt- 
ions  nade  above)  to  the  temperature,  at  tdiich  the  partial  pressure  X,  of 

the  vapor  of  the  eonbustible  component  over  a  sointion  of  the  given  com¬ 
position  is  equal  to  C. 

As  already  noted,  the  literature  contains  no  data  relating  to  the 
Ignition  of  mixtures  of  erabustible  and  incombustible  liquids.  However,  we 
do  have  certain  information  about  the  flash  points  of  such- mixtures.  Since 
the  ignition  temperatures  are  close  to  the  flash  points,  we  shall  use  the 
latter  to  test  oxir  theoretical  conclusions. 

In  Fig.  32  the  triangles  denote  the  results  of  determinations  of  the 
flash  points  of  solutions  of  ethyl  alcohol  in  water;  the  curve  is  based  on 
relation  (1.30).  The  constant  C  has  been  chosen  so  that  (1.30)  closely 
corresponds  with  the  experimental  data.  The  figure  shows  that  in  this  case 
-the  theory  is  in  satisfactory  agreement  with  ejqperiment. 


Fig.  32:  Dependence  of  flash  point  on  composition  of  mixtures 
of  ethyl  alcohol  and  water.  Ordinate:  flash  point,  degrees; 
abscissa:  proportion  of  ethyl  alcohol  in  the  solution. 
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The  literature  does  contain  data  about  the  dependence  of  the  flash 
points  of  mixtures  of  ethyl  alcohol  and  water  or  carbon  tetrachloride,  but 
since  the  partial  vapor  pressures  for  these  mixtures  at  different  temper¬ 
atures  are  not  given  It  Is  not  p^^o^lle  to  compare  the  results  obtained 
from  equation  (1.30)  with  the  e^erlmental  data  In  question. 

We  still  do  not  know  whether  In  such  cases  formula  (1.29g)  agrees 
with  eiiqperlment. 


15.  Flash  Points  of  Binary  Mixtures  of  Combustible  liquids 


In  order  to  confute  the  lower  flash  limit,  and  hence  the  lowest 
flash  point  for  a  liquid,  we  make  use  of  Le  Chateller's  rule,  nils  rule 
Is  an  application  of  the  displacement  law  to  mixtures  of  combustible  gases 
and  can  be  written  in  the  form  ' 


k 


1 

yi  ,  1— * 

ki  kt 


(1.31) 


where  k 


is  the  limit  of  ignition  of  the  mixture; 
the  limits  of  ignition  of  the  components; 

the  molar  Araetion  of  the  first  component  In  the  vapor  phase. 


In  a  number  of  eases  this  rule  gives  results  close  to  those  obtained 
by  experiment.  This  Is  evident  from  Table  1.7,  which  gives  Ipatov's  exper¬ 
imental  data  /24/  and  values  of  the  flash  limit  k^  computed  from  (1.31). 

In  the  table  y  denotes  the  molar  fraction  of  benzene  in  the  vapor  phase. 

"Naturally,  for  fuels  that  strongly  influence  each  other  in  burning 
we  cannot  e3q>ect  that  this  rule  will  be  fulfilled  even  approximately. 
Therefore  we  should  not  look  for  a  special  explanation  either  for  very  large 
or  for  very  small  infractions  of  the  rule.  On  the  other  hand,  we  would  need 
an  explanation,  if  we  unexpectedly  found  that  Le  Chateller's  rule  was  gener¬ 
ally  fulfilled.  In  this  case  we  would  be  the  better  justified,  the  more 
similar  the  substances  in  question.  In  practical  terms,  the  most  inter¬ 
esting  Instance  is  that  of  a  mixture  of  substances  with  parallel  (similar) 
properties.  Here  Le  Chateller's  rule  can  often  be  useful  for  a  prelim¬ 
inary  evaluation."  dMs  is  how  Jost  /13/  characterizes  Le  Chateller's  rule. 

Since  the  flash  point  is  close  to  the  Ignition  point,  in  computing 
flash  points  and  limits  of  Ignition  we  can  use  results  obtained  for  the 
ignition  temperature.  IMs  technique  has  proved  successful  both  for  indiv- 
idtial  liquids  and  for  mixttures  of  ethyl  alcohol  and  water.  It  is  also  con¬ 
venient  to  work  in  this  way  in  relation  to  mixtures  of  combustible  liquids. 
We  then  make  use  of  formula  (1.27),  determine  the  constat  A  and  compute 
the  limit  of  ignition  k  of  the  mixture  from  (1.3). 

In  Fig.  33  the  hollow  circles  denote  the  results  of  Ipatov's  exper¬ 
iments  with  mixtures  of  benzene  and  toluene;  the  solid  circles  denote  exper¬ 
imental  data  relating  to  mixtures  of  ethyl  alcohol  and  benzene  and  the 
triangles  experimental  data  for  mixtures  of  acetone  and  benzene.  !nie  curves 
are  based  on  (1.27)  and  (1.30).  The  same  value  of  A  was  used  for  all  three. 
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Tkble  1.7 


Btbyl  aloohol  Benzene  and  Acetone  and 

and  benzene  toluene  benzene 


dtKJioBbiA  cnapT 

C  OQHSOJtOM 

BtH30A  C  TOJiyOJIOM 

Ai^eroH  c  8eHto«OM 

y 

k 

y 

k 

y  ‘ 

k 

0 

4,40 

4,40 

0 

2,13 

2,13 

0 

3,10 

3,10 

0,37 

3,10 

3,40 

0,34 

2,18 

2,23 

0,44 

2,80 

2,78 

0.59 

2,64 

2.99 

0,55 

2,28 

2,30 

0,70 

2,68 

2,62 

0,71 

2,47 

2,81 

0,73 

0,91 

2,32 

2,35 

0,88 

2,68 

2,51 

1,10 

2.45 

2,45 

2,40 

2,42 

1,00 

2,45 

2.4& 

"■ 

** 

1,00 

2,45 

2,45 

The  required  valuea  of  were  taken  from  the  corresponding' tablea.  The 

figure  shows  that  in  these  cases  fozunsla  (1.27)  satisfactorily "deacribes 
the  eiqperinental  data.  It  should  be  noted  that  in  describing  the  results 
of  these  esqperiaents  we  used  only  one  constant  found  experimentally.  In 
eospatlng  the  limits  of  ignition  for  an  examination  of  mixtures  in  accord¬ 
ance  with  Le  Chatelier*s  formula  six  constants  are  used. 


Hg.  33:  Dependence  of  limit  of  ignition  on  benzene  content 

of  wapor  phase  for:  1  -  benzene  -f  toluene;  2  -  ethyl 
alcohol  -f  benzene;  3  ~  acetone  -<•  benzene.  Ordinate: 
limit  of  ignition;  abac.:  molar  firaotion  of  benzene 
in  Tapor  phase. 
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Fart  Two 

BUKMING  OF  LIQlJiDS  IN  VESSELS 
Flames  fro.m  Liq^uids 

A  liquid  burning  in  a  vessel  is,  in  effect,  a  stream  of 
vapor  burning  in  air;  the  flow  of  vapor  is  maintained  by  evapor¬ 
ation,  whose  rate  is  governed  by  the  flow  of  heat  from  flame  to 
liquid.  The  olxygen  derives  from  the  surrounding  gas. 

The  flame  is  of  diffusion  type;  the  burning  is  a  special 
case  of  the  combustion  of  unmixed  gases. 

Shane  and  Size  of .Flame 

The  shape  and  size  are  very  much  dependent  on  the  diameter 
of  the  burner  or  vessel,  as  Fig.  1  shows  for  flames  from  gaso¬ 
line  [1].  The  flame  has  a  clearly  defined  fixed  conical  shape 


Fig.  1 .  Flames 
ious  diameters: 


of  gasoline  burning  in  vessels  of  var- 
a)  1.1  cm;  b)  3*0  'cm;  c)  15  cm;  d)  I50  cm 
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when  the  liquid  is  contained  in  tube  not  more  than  TO  mm  in  dia¬ 
meter;  longitudinal  pulsations  appear  as  the  diameter  d 
increases,  and  the  height  oscillates  with  a  low  frequency  (a;bout 
15  c/s).  The  flame  begins  to  break  up  as  d  is  increased  further, 
and  random  turbulent  motion  is  the  sole  effect  for  d  >  15  cm. 


Table  2.1 


4f 

X 

B 

'sc 

5. 

m  1 

h 

i/d 

h 

i/d 

0v37 

i  3,0 

8,1 

3,6 

10 

0,50 

3,9 

7.7 

5.4 

11 

0,€|0 

9.5 

16 

4,3 

7,2 

6,3 

10 

0,71 

9.7 

1  13.5 

5,0 

7.0 

6,3 

9 

1,14 

11,9 

10.4 

7.8 

6,8- 

9,6 

8 

1,97 

20,3 

10,3 

13 

6,5 

15,3 

8 

2,98 

24,2 

8,1 

19 

6.4 

20 

7 

4,7 

31,4 

6,7 

27 

5.7 

29,5 

6 

8,0 

— 

— 

40 

5,0 

41,3 

5 

14,8  1 

— 

— 

68 

5 

30 

100  ' 

3.3' 

— 

— 

130 

300 

2.3 

220 

1.7 

208 

1,6 

260 

440 

1.7 

31 

1.2 

— 

2290 

^00 

1.7 

— 

— 

-- 

Notes.  I,  automobile  gasoline;  II,  diesel  oil;  III,  trac¬ 
tor  kerosene.  All  commas  in  numbers  should  be  read  as 
points. 

It  is  found  [1]  that  the  height  S  increases  with  d  (see  Table 
2.1);  at  first  8/d  decreases  rapidly,  but  there  is  later  little 
variation  as  d  increases. 

The  structure  and  shape  show  that  there  are  several  modes  of 
burning,  namely  laminar  for  d  small  and  turbulent  for  d  large  E2]. 

Laminar  Flames 

The  flame  separates  the  region  where  there  is  oxygen  but  no 
vapor  (the  oxidative  region)  from  the  one  where  there  is  vapor 
but  no  oxygen  (the  reductive  region);  the  two  components  react 
in  the  flame,  which  forms  a  very  thin  layer  if  the  reaction  rate 
is  high.  The  concentrations  of  the  reactants  are  zero  at  this 
surface  or  layer,  as  Fig.  2  [3]  shows  for  hydrogen  emerging  from  a 
burner  into  air.  A  stoichiometric  mixture  is  burnt  in  the  flame 
zone  [4-6];  .  if  we  were  to  assume  that  the  concentration  of  one 
reactant  (say  oxygen)  at  this  surface  is  not  zero,  v/e  would  have 
that  a  combustible  mixture  could  form  away  from  this  surface. 
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wMch'  mixture  Would  teurii  at 
the  prevailing  high'  tempera-r 
ture,  so  the  fiaMe  zone 
WO'tiid  be  4-isp‘laGed,  The 
result  is  that  the  flame 
migrates  to  a  positiofx  where 
the  fluxes  eorreSpohd  to  the 
stoichiGmetric  mixture  and 
where  the  Gone eh t rations  are 
zero^ 

Thedry  of  Laminar 

Dif  fusioji:  .Flames 

Burke  and  Sdhumah  ,[?] 
first  gave  this  theory  in 
1926;  they  Gohsidered  the 
Gomfaustidh  of  a  jet  of  g&s 
emerging  from  a  cylinder 
into  a  Gdaxial  cylinder 

carrying  air  flowihg  at  the  same  speeds  They  derived  an  eq/ua-^ 
tioh  for  the  shape  and  size  of  the  flame.  This  is  a  particuiar 
case^  but  some  of  the3  r  results  have  a  nip  re  general  -Mgnificahee ; 
the  theory  is  applicable  to  flr.mes  from  liquids,  so  Ue  deal 
briefly  with  it  here. 

The  disGUSsioh  is  based  on  the  mutual  diffuslph  of  fuel  and 
oxygen  in  a  cylindriGal  epprdihate  system  (z,r),  the  z  axis  being 
the  axis  of  the  burner  and  the  brigin  being;  at  the  centei  of  the 
end,  which  has  a  radius  Rq .  The  radius  of  the  outer  chamber  is 
Rj,  the  oxygen  eonGentratipn  is  the  fuel  GonGentration  is  c^, 
the  rate  of  eonsumption  of  oxygen  is  wj^  (that  for  the  fuel  being 
W2)i  iho  stoiGhiometry  factor  is  0  (since  yip  ~  ,  and  the  flow 

speeds  are  u.  The  process  is  steady r  and  the  diffusiprl  epef^ 
fieients  B  for  fuel  and  oxygen  are  the  same. 


3*  Simplified  mpdel  of 
eonGentratiohs  in  a  diffusion 
flame:  1)  oxygen;  3)  react ion 
produ  e  t:s ;  3)  hit  rogen ;  4) 

vapor i 


The  diffusion  equations  are 


dc^ 


dz 


f  W  »  >:  ' 

h 

.1.  ±  J_  ( 

1‘  " 

f  V  df  * 

^  dr  J 

1; 

-w  . 


(3,1) 


The  first,  equatipn  is  multiplied  b,j;  p  and  is  subtraeted  from 
the  sef30.nd»  whioh,^  in  Gonjunction  with  the  nGtation 


e  ==  Cn  ^  I 
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gives  us  that 


(2.2) 


The  term  in  (2.2)  for  diffusion  along  the  flame  is  small 
relative  to  the  others;  that  is. 


d*c 


3*c 

ir> 


■  t  .  dc 

+  7- 


W' 


and  so  we  may  put  that 


dc 

dz 


=  o(-- 

^\dr* 


.1 


(2.3) 


The  dimensionless  coordinates 

Z-  — 

uRl‘ 

enable  us  to  put  (2.3)  as 

dc  i  dc  (2.4) 

dS  dr“  f  f 

The  boundary  conditions  are  c  =  Cqj  for  the  gas  in  the  tube 
at  z  s  0  and  7  4.  7^  (here  Fq  =  R^/R2)j  c  »  CqJj  for  the  oxygen  at 
z  =s  0  and  7q  4  7  S  1 ,  and  c/  r  *  0  at  r  ®  0  and  7=1.  Burke 
and  Schuman's  solution  to  (2.4)  subject  to  these  conditions  is 


C<.  +  ^g(lK 


(2.5) 


in  which  and  are  Bessel  functions  of  the  first  kind  of 
orders  zero  and  one,  the  Uj.  being  the  roots  of 

.  l'^  (l^i)  =  0 • 

Now  cjj^  and  Cf  are  zero  in  the  flame  zone,  so  we  put  c  =  0  in 
(2.51)  to  get  the  equation  for  the  flame  surface.  Figure  3  shows 
results  1)  for  excess  oxygen  and  2)  for  deficit;  experiment  con¬ 
firms  that  there  are  two  types  of  flame,  which  have  the  shapes 
shown  in  Fig.  3« 

With  c  =  0  and  7=0  (excess  oxygen)  and  7  =  1  (deficit),  the 
z  of  (2.6)  becomes  the  dimensionless  height  of  the  flame;  for 
given  7q  and  c^j^/cf  we  have  that 

2  =  const  =  6;  •  .  (2.6) 

in  which  V  is  the  flow  of  fuel.  It  is  found  that  (2.6)  agrees 
well  with  experiment. 

Prank-Kamen«tskii  [8]]  has  shown  thaj;  the  expression  for 
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Sail  be  fouii’d  Wi1;haijfc  Selvirif: 
(2i#),  if  in  tftis  We  insert 
the  dithehisibhless  Gbficentra- 
tibxi  G  =  e/Cp’r  the  equation 
becomes  aimensibnless  and 
free  from  parameters^  while 
the  benndary  eonditions  con¬ 
tain  'Fg*  I’he  solutiGn  to 
(^.t)  can  then  be  but  as 

e  =  f(F\T,F6.h 

and  the  shape  of  the  flaite  is 
given  by 

f(ZiriT^}  ==  Oe 

This  implies  that,  for  a 

given 


6.C 


cC 


£ 

y ' 


2.01 


0.5!i 


■  ^ 

\ 

-A 

J 

i . . ! 

fj 

;  1 

1 

2i 

j 

'M 

t . 

OiS  Ifl  1,5  2fi  r 


:•  3.  Shape  of  a  diffusion 
flame  (Burke  and  .Sckumah)  :  1) 

cylindricai  fiarce  with  excess 
Oxygen;  2)  the  same  with  too 
i-ittle  oxygen. 


Burke  arid  Sehuman-s  results  aLgree  with  experiment,  which 
means  that  the  mixing  Gonditipns  govern  the  rate  of  cptnbustipn 
and  that  the  detailed  reaction  kinetics  play  ho  important  part 
(the  slower  process  is  the  rate-limiting  one);.  This  applies 
also  to  vapors  from  liquids. 


Barr  [9]  has  considered  this  problem  fpr  flows  differing  in 
speed;  Hot t el  and  Gausorn  £5]  have  discussed  open  laminar  diffu-^ 
sion  f lames  by  using  Burke  and  Schuman's  approximation,  (2,^) 
being  solved  subject  to  the  modified  boundary  epnditio-n  that 
dc/dr  is  zero  at  r  =  oP,  not  at  r  :=  1 ,  Their  solution  relates  to 
the  case  irx  which  the  atmosphere  moves  with  the  speed  of  the  gas 
in  the  burner;  but  it  does'  satisfy  one  of  the  boundary  condi^^ 
tions,  so  the  problem  remains  unsolved. 


‘  •There  is  a  simpler  w^iy  of  solving  this  problem  approximvately 
fpr  the  flame  from  a  liquid  [10],  The  amount  dm  of  oxygen 
reaching  an  element  pf  the  steady  flame  equals  the  amount  epn^ 
sumed  in  burning  the  vapor  reaching  the  same  element  in  the  same 
period,  We  use  the  (2,r)  system,  with  z  along  the  flame  and 
the  angle  formed  by  r  with  this,  exis;  here  p-  and  u  are  the  den» 
sity  and  speed  of  the  vapor,  g-|  and  gg  proppj^’tipns  (b/y 

weight)  of  the  combustible  components' (assum  to  number  two)’^ 


6q 
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a&a  and  are  the  amounts  ig  per  g)  of  oxygen  heeded  to  burn 
these i  so 

dm  =  «:p  '  #i|Fi'ir  ?igi)  rd<t  dr  =  «p  ’  (#4  N  8^  +  ^  ( 2  *  f  j 

fh'is  dm  may  be  found  in  anotiher  way  i  /.'e  isoi'ate  fey  means 
of  two  indefinitely  close  planes  normai  to  z  a  layer  in  the  flow 
Of  vapor  at  the  surface  of  the  lifUid;  this  layer  has  the  radtas 
S  of  the  burner  or  vessel »  let  it  move  upwards  at  the  speed  u'; 

it  feurns  as  it  moves^^  and  its  radius  r  is  that  Of  the  flame^ 
whiGh  deoreases.  The  Width  of  the  zone  of  cOmfeustiOh  produots 
increases i  The  oxygen  reaches  the  flame  via  a  circular  layer  Of 
these  products;  if  we  assume  that  c  in  this  layer  is  as  for  a 
steady  state,  then,  with  ^  dehoting  the  distance  from  the  z  axisi 
we  have  that 


±dc\ 
6  dV 


=  0. 


Now  c  is  Cq,  the  OXygeh  ConGentratiOn  in  the  surrounding 
atmosphere,  at  ^  =  N  and  is  zero  at  f  =  r,  so 


dJi  dz  -  '  T^# 

Then  (2.?)  and  (2*8)  give 


!>?« 


r  dz  =  r  (In  /?  ^  Ih  f)  dr. 


P*  «  1©!  ^  ?l)  g2  d  3ll 

The  origin  may  fee  placed  at  the  Surface  Of  the  liquid; 
r  =  R  at  z  =  0  and 


(24) 


(2.9) 


1 


SO  (2.9)  gives 


Dc« 


w  W-Wirfsr  ^  ~  T<^‘  -  /?»)  fa-io) 


Further,  $  =  z  for  r  =  0,  so  (2.10)  gives  us  that 

A  _P-^  KSa  -  3i) g*  +  3i  1 

4pc„  ^  ^  - 
2 

But  p?u  is  the  amount  evaporating  per  cm  per  sec,  SP  p'u  =  py,  in 
which  p  and  v  are  the  density  and  linear  burning  rate;  then 


X  ,pp  l(3t  ^  3i')  g*  d  3il  Bi 
.4PCo'  ' 


(2.11) 
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the  iinefiSibniesiS 
coSrdinateB 


enaMe  us  to  put  42*10) 
as 


I  =  I  -=-  f*  +  r*  In  (2*12) 


Than  (2*12)  defines'  th« 
shape  of  the  fiasne. 

If  there  Is  no 
second  component*  (,2*11) 
becomes 


6  = 


This  agrees  fuliy  With 
(2 .4 ) ;  fig  *  4  shows 
that  the  agreement  with 
experiment  is  also  good. 
Here  z/^  is  plotted 
against  r/R;  the  var*** 
ious  symbols  denote  . 
results  obtained  with 
ethanol-water  mixtures 
used  in  glass  tubes 
(d  =  22  mm).’  The  full 
line  represents  (2.12);, 
it  fits  the  experi-^ 
mental  points  very 
closely.  . 

Table  2.2  shows 
that  (2.4)  and  (2*11) 


of  ethanol  in  burners. 


0  V.S  ^  IJS 

% 


2 

fig.  5.  Relation  of  S/pvR  to  com- 


also  fit  experiments  ,  position;  glaSs«  d  =  7*7  mm. 

with  ethanol  in  glass 

tubes  of  yarious  diameters*  here  h  is  the  distanee  from  the  free 
edge  of  the  burner  to  the  surface  of  the  liquid  and  v  is  Jhe  lin¬ 
ear  burning  rate  for  the  liquid.  The  variations  in  S/vR^  with  K 
andh  lip  within  the  limits  of  error  of  the  measurements. 

The  following  results  [IJ  for  (S/v)/1G0©  for  steel  burners 
show  that  (2.4)  and  (2*13)  apply  also  to  these  more  complex  sub¬ 


stances: 
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anci-  #1  aM'  @g.  are  the  amouiftts  (g  per  g}  @f  '65cygen  needed!  tb  bur  ft 
these,  so 

dm  =  «!p*  #1®!%  fd^  df  =  up*  tp*  M  P  +#il  fdi^  dr.  ) 

this  din;  may  be  found;  in  a  nob  her  way*  /fe  isolate  by  meafts 

of  two  indefiftitely  close  planes  normal  tO  z  a  layer  in  the  flow 
of  vapor  at  the  surfaGe  Of  the  liquid;  this  layer  has  the  radius 
R  of  the  burner  or  vessel*  Let  it  move  upwards  at  the  speed  u; 
it  burns  as  it  moves,  and^  Its  radius  r  is  that  of  the  flame , 
which  deereasesi  The  width  of  the  zone  of  eem<bustio>n>  prodacts 
inoreases*  The  Oxygen  reaches  the  flame  via  a  Circular  layer  Of 
these  products;  if  we  assume  thait  c  in  this  layer  is  as  for  a 
steady  State,  then,,  with  denotinf  the  distant®  from  the  z  axis,, 
we  have  that 
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Now  e  is  Cg,  the  oxygett  concehtration  in  the  surrounding 
atmos'phere,  at  5  =  R  and  is  zero  at  5  =  r,  so 

,/dc\  _ .  ,  i  _  Dig  1;  ^ 


Then 


and 


.3j)«?d34 


(2.9) 


The  origin  may  be  placed  at  the  surface  of  the  liquid; 
r  =  R  at  z  =  0  and 


|rlnrdr  =  /*|^ln/-^A|, 


so  (2.9)  gives 


Dio 


p* « d  84  "  ""  i  ^  ^  2- 


Further,,  $  =  z  for  r  =  G,  so  (2<!iG)  gives  us  -that 

» _ P*  “  h8»  —  8i)  gt  +  8i  1; 

:  ^  4Dc»  ^  • 


(2.10) 


But  p-'u  is  the  amouut  evaporating  per  cm  per  sec,  so  p^u  =  pv,  in 
whioh  p  and  v  are  the  density  and  Jinear  burning  rate;  then 


A  pv  K8«  ^  84  g* + V  oa 

,mo  ‘ 


(2.11) 
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The  iimensionless' 
coerdxnateB 


enable  lis  to  put  '(2»1;0')' 
a»s 


g  ==  t  ^  P  f*  In  ^  2*  12 ) 


Thefi  (Bits)  deflUea  the 
shape  of  the  flame ^ 

if  there  is  no 
second  component «  <2»11) 
becomes 


-  iC-- 


v(2.i3) 


This  agrees  fully  with 
(2.6);  Fig.  U  Shows 
that  the  agreement  with 
experiment  is  also  good. 
Here  is  plotted 
against  r/R;  the  var¬ 
ious  symbols  denote  . 
results  obtained  with 
ethanol-water  mixtures 
used  in  glass  tubes 
(d  =  22  mm).  The  full 
line  repre  sent  s  ( 2 . 12 ) ; 
.it  fits  the  eat^peri- 
mental  points  very 
closely. 

Table  2.2  shows 
that  (2.6)  and  (2.11) 
also  fit  experiments 


of  ethanol  in  burners. 


9/pv/t* 


'  ' " '  '  I 

. j 

I 

I: . , 

• 

a  0.5  IP 

fig.  5.  Relation  of  S/jpvR  to  com-? 
position;  glass,  d  =  7.7  mm. 


with  ethanol  in  glass 

tubes  of  various  diameters;-  here  h  is  the  distance  from  the  free 
edge  of  the  bumOF  to  the  surface  of  the  iiouid  and  v  is  mhe  lin-* 
ear  burning  rate  for  tho  liquid.  The  variations  in  S/vR^  with  R 
and'h  lie  within  the  limits  of  error  of  the  measurements. 


The  following  results  tl3  for  (S/v)/lOOO  for  steel  burners 
show  that  (2,6)  and  (2.13)  apply  also  to  these  more  com.plex  sub., 
stances : 
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Figure  5  ehows  aS  a  function  of  g,  the  proportion  of 

the  second  compofleht  by  weight  in  the  liquid;  the  crosses  repre¬ 
sent  results  for  inixtures  of  ethyl  and  isoanyl  alcohols,  and  the  * 
circles  ones  for  ethyl  and  butyl  alcohols.  The  full  lines  repre¬ 
sent  (2*1i),  which  clearly  shows  good  agreeKent  with  the  actual 
behavior  of  S/jpvE^. 

Further,  (2, 13)  implies  that  Ppv/fi  should  be  independent  of 
the  nature  of  the  liquid  for  laainar  burnings  as  is  found,; 
experiments  [2]  show  that  the  mean  pv/S  fot  ethanol  in  burners  of' 
d  between  4*6  and  46.6  mm  is  1.21  mg/cm,sec«  and  for  butanol  for 
d  of  3  to  30  mm  is  0.88  mg/cm. sec  (the  P-  for  these  Compounds  are 
2*1  and  2.6  respectively) .  Then  Ppv/S  is  2.54  and  2.3$  mg/cm.see 
for  these  two  alcohols ;  the  two  values  are  very  similar. 

The  approximate  theory  is  thus  satiafactory ,  so  the  rate  of 
combustion  of  vapor  in  laminar  burning  is  governed  by  the  rates  of 
influx  Of  reactajatSj  not  by  the  rate  of  the  reaction  (the  latter 
is  much  higher  than  the  rate  of  formation  of  the  mixture) . 

Turbulent  Flames 

The  flame  from  a  liquid  in  a  vessel  over  30  cm  in  diameter 
is  turbulent  [13;  not  much  is  known  about  this  type  of  flame, 
but  Table  2.1  shows  that  ^d  varies  little  with  d,  being  about 
two,  which  is  much  less  than  for  laminar  flames.  The  explan¬ 
ation  is  simple;  arguments  similar  to  those  for  laminar  flames 
E1,,  11'3  show  that 


But  B  ee  ud  vd  for  turbulent  flames,  and  so 

d  «c  d.  '  (2.1 4) 

The  fall  in  5/d  is  clearly  ^a  result  of  the  increase  in  the 

63 


effective  B  f0r  turbulent  flames. 

PulsfttibiiS  in  flames 

'*  "  V"l'  '  -T.  -  I  i-i  -  .  . 

Is  Long  SgO  it  was  observed  that  the  diffusion  flame  of  a 
gas  get  in  air  shows  low-frequency  fluctuations;  these  have  been 


fig*  6.  Photographs  of  flames  from  automobile  gasoline 
{Khudyakov)  taken  at  ^2  frames  per  sec;  d;  a)  11  mm; 
b)  20  mm;  c)  30  mm;  d)  U7  mm;  e)  80  nun. 

studied  by  Maklakov  {12],  The  flame  does  not  fluetuate  if  the 
rate  of  flow  is  low,  but  the  length  starts  to  fluctuate  as  the 
rate  is  increased.  The  criticai  flow  speed  Uq  decreases  as  d 
increases,  and  it  is  also  dependent  on  the  nature  of  the  gas. 


6  k 


I 


The  type  of  osciliatien  alters  as  the  speed  inereasesj  the  top 
part  of  the  flai&e  breaks  avray  apd  completes  its  burhihg  in  isola¬ 
tion.,  The  Oscillations  beoome  complex  at  high  speeds « 

2«  iOames  from  liquids  resemble  those. from  unmixed  gases; 
the’  flame  is  stable  if  d  is  less  than  dg*  the  critical  diameter ^ 
but  osqiliations  of  frequency  10-15  t/s  set  in  above  that  limit. 
Figure  '6a  shows  the  osoillations  in  a  gasoline  flame.  The  nature 
of  the  liquid  affects  dg,  which  is  about  1  cm.  The  type  of 
oscillation  also  yaries  with  d;  the  upper:  part  tends  to  break 
jaway  as  d  increases*  The  top  elongates ^  a  neck  appears,  and 


Fig,  7.  Flames  from  solar  oil  in  burners  of  diameters 
a)  5  SPn;  b)  12  mm; .  c)  15  mmi  d)  20  mm;  e)  to  g)  JO  mm, 

the  top  breaks  away;  the  residual  part  is  at  first  short,  but  it 
soon  lengthens  again,  and  the  process  is  repeated.  The  lower 
part  of  the  flame  has  a  regular  and  sirapie  shape  (Fig*  b  and  cl 

Puirther  increase  in  d  (Fig,  6d)  gives  rise  to  an  upper  part 
of  complex  shape;  the  oscillations  encompass  a  large  part  of  the 
flame,  The  Whole  flame  begins  to  pulsate  when  d  is,  very  large* 
and  we  get  the  continuoualy  Changing  forms  of  Fig,  6.e.  There  is 
a  general  tendency  for  the  osciliation  frequency  to  decrease  as  d 


inc.reas'e>s.j 


f.  ^hes#  osGlll^  ^  i  0'n;Q  s^eL  Sk  at?  ke  rriueh  less  fhan  tilose  if'or 
libe  transition,  from,  ifirin^r  to  turbtilont  flow;:  for  example  ^ 
tekla'kov  fifids  that  the  flame  of  oaffeah  monGxide  flowing  from  a 
terner  of  ./diameter  h  am  starts  to  osciliate.  when  the  fiov/  rite  is 
©illy  f  Gffi^/see,  The  eorrejsponding  Pe  is  which  is  l/i^G  of 
the  critical  Re.  The  same  is  found  for  flames  from  liqiuidsr 
The  Causes  of  OGcillation  heve  heeh  examihed  the  onset  of 

dsciliation  is  closely  assodiatod  with  turfouleM^^^  in  the  stream 
of  gas  from  the  flame. 


Figure  ?  shows  flames  of  solar  oil  in  ^iass  eylinders  of  d 
feetweeh  5  and  $0  mm;  the  soot-laden  str:e;vam  above  the  flame  Is 
olesrly  visible.  The  mode  Of 


flow  of  this  stream  is  very  imuch 
dej?endent  On  d;  the  stream  is 
straight  and  has  sharp  outlines 
at  first  if  d  <  d^,  but  at  a  cer- 
tain  distance  it  begins  t©  oscil¬ 
late,  the  a.’^plitude  ihcreabing, 
with  the  distance  from  the  tube. 
Finally^  the  stream  is  dispersed* 
Thus  the  flow  is  lam in ^r  nerr  the 
f 1 a m  e  bu  t  b  e  comes  t  u  rbu 1 e n t  after 


a  certain  distance.  The  entire 
flow  is  turbulent  if  d  >  d^i 
Similar  patterns  are  observed  for 
kerosene  and  gasoline. 


Fig ^  ? .  Re 1 a t ion  of  z q  t © 
r  a  t;e  o  f  g  o  n  su  n  n  t  ip  n  o  f 
liquid . 


I,  Kerosene  in  a  tube  with  d  =  mm  gives  a  strongly/ 

pulsating  flame;  the  pul sat ions  weaken  as  the  distance  h  between 
the  liquid  and  the  end  of  tie  tube  increases,  and  they  cease 
entirely  if  h  >  hp* 


It  is  found  that  the-  distance  7^  from  the  tube  to  the  ppint 
of  onset  of  o s c i 1 1 a t ip n  d e c rea s e s  as  d  i n e r ea se s  {if  h  is  f i x e d ) 
and  as  h  increases  (if  d  is  fixed):  this  Zq  is  related  to  V,  the 
rate  of  eonsumption  of  the  liq.uid.  Figure  d  ^hpws  this  for  var*?^ 
ious  (denoted  by  the  different  signs),  the  line  being  drawn  in 
aecprdanee  with 

zo^qV^\  (1,15) 


All  the  points  lie  rear  this  curve,  whien  means  that  is. 
governed  by  V,  not  by  d  and  h;  moreover,,,  a  cannot  vary  much  from 
one  liquid  tp  arother. 

5*  It  is  known  that  i  nor  eases  with  V,  so  Zq  S  decreases 

as.  V  increases.,  becominr  T^erb.  at  whereupon  the  top  of;’  the 

flame  starts  to  oscillate.  The  pscill'itipns  extend  into  the 


fiarne!  wtoen  V  >  Vg,  ai-nd  ultimately  ttoe  motio®  teecomes  so  ViftoTous 
tMt  tfee  t'Oip  part  'of  t®*  flame  tereaks  aiWay  (Fig;.*  '6')^ 

Tfee-  o/sciilatib'®  in  the  fi-ame  start®  when  d  =  dg,,  ffer  .to- 
fixed)';  further,  the  osGiilatibns  etart®  for  to  ^  tog  if  d  >  dg . 
The  critical  rate  V  =  Vg  is  given  by 

to  =  dVJ’'’  — 


ftoe  Vq  fer  solar  oil,  kerosene  ^  and  fasoline  are  :Cm^./aiift; 

is  eonfirmed  by  Table  2i5r  wtoieh  gives  the  dig  and  hg  cal^ 
culate'd  from  experimentai  result® »  Here  denotes'  no 

Table  2.3 
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♦  Signs  of  incipient  oscillation • 
oscillation  in  the  flame;  (+),  the  presenee  of  oscillation, 

6,  Zel’dovieh  t1hj  made  a  theoretical  study  of  the  trana^ 
ition  from  lamin.ar  to  turbuient  flow  in  the  gas  rising  from  a 
flame  as  long  ago  as  193(^1  he  gave  an  ap  proximate  expression  for 
the  limiting  behavior,  frandti  [1.51  has  subsequently  made  a 
detailed  analysis  of  ,so-me  asoe’Cts,  The  followinr  is  a  summary  of 
7;el '  dOviGh’ s  work , 

The  heat  flux  (not  the  momentum)  is  conserved  in  the  freely 
rising  .convective  stream  above  the  flame;  then,  at  large  dis.« 
tane.eS  from  the  flame  (v/here  the  process  is  Self^modeling) ,  v/e 
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have  Cafart  frotri  a  constant  factor)  that 

Q  »  U!&Cpl^r  (  2 

%rh  whiet:  Q  iy  the  Mat  prb"duae4  pet  seOi  b  is  the  v/Mtb  of  th€ 
stfearri,.  g  is  the  thcrnial  ca^acit^  of  th^e  i^a-s,.  Whbse  vheari  sibeed,« 
t err-peraturi  ^  and  density  are  and  p«  ’The  e:q:;Uatibn  of 

motion  lot  la  ft)  in'"  f  fiov/  is- 


dii  d^tt 

in  w^cieh  t  and  r  are  above  ^  is  the  l<±nemati;G'  viscpisity  ^  g  is 
the  ae  cel  elation  due  to  gravity,  &nd  h  the  GoOfx'ieient  of 
t'hertral  expansion  * 

deling  behavior  givOs  U4  that 

z  ”  ^  ft* 

The  latter  relation  gives  us  tha^t 


but 


Re^ 


iih 


MZ 

V 


gg#^  ^  ji££. 

V  viiOc|> 


(P.lt) 


SO 


(2,  to "I 


'%.*■  t  is,  (2.19)  shows  that  Be  increases  with  so  the 
in  ,r  f  1  ow  rnu  s  t  t  ,e  rmi  n-'  t  e  a  t  a  c  e  r  t  a  1  f:  h  e  i  ■  -  t  t ,  a  s  t  he  o  b  o  t  Q  .7  raT  h  s 
s  hov; . 

7,  Tre  Pe  given  by  (<.19;  for  ti-e  transitiGh  neint  is  about 
I  jC,  wi.icl  ip  about  a  tenth  pi’  t:1  e  Uoual  criticr^i  Pe ,  Phis  is 
not  ure  fcpeted ,,  for  the  trarsi  r.ion  ©eeurs  at  low  Pe  in  convectf.ve 
flows  ger-eraily;  for  e7<arrrle,  P  is  hCCl^hOQ  for  the  IIoa;.  around  a 
h  e  .'3 1  e  d  V  e  r  t  i  c  "3 1  ''^1 "  t  e  f  1  f . ! .  T  1  o  w  e  r  ^  g:o  ns  s  o  u  e  n  b  on  tie 
sn-eci^il  shape  of  the  velocity  rrofile  for  the  plute;  Ibe  very 
Ipv/  eritical  ‘Pe  for  flames-  e^tn  be  unuerstoov  on  tjio  pa  sis*  ^  C-f  ^ 
course,  the  ^bove  value  for  Pe  >:iny  be  ppnie'^Mt  toe  low.,  for  (2.1.9) 
is  only  apni'cxim^'t e  , 

further,  (P.h9>  gives  us  i  he  transition  ^Dpint  ns 


.aF 


.-V, 


i^Q  l^rK 

Th  i s-j  1  a  o t  r  e  1  a  t. ion  is  p  1  mre  1  y  ( .  I h  )  ,i  ei p  •^ P 1  do  vie r  ■  s.  or* n  c  ,l  u  t- . ion p. 


may  be  applied  to  tbe  expefimeftts  quoted  above;  his  theory 
enables  us  to  understand  and  explain  the  eauses  of  oscillation, 
although  many  features  remain  unexpiained. 


Here  an  iaterestihg  pat tern  may  be  observed ,  The  tube  coh- 

taining  the  liquid  (gasoline)  is  Coaxial  with  the  air  tube;  the 
air  speed  and  liquid  level  are  varied.  The  top  of  the  burner 

tube  may  be  above  or  below  the  bottom  of  the  air  tube.  It  is 
found  that  the  flame  is  extinguished  at  quite  low  air  speeds  when 


lig.  9*  Shape  and  Strueture  of  flame  from  gasoline  in, 

a  tube  (d  =?  9  mm)  inside  an  air  tube  (d  =  13,7  mm); 

air  flow  rate  (l/min);  a)  2;  b)  4;  c)  8;  d)  10;  e)  14. 

the  liquid  fills  the  tube,  but  it  is  not  extinguished  even  at 

high  Speeds  if  h  0. 

The  flame  is  always  conioal  if  the  air  is  at  rest;  it  is 
then  strongly  lumtinous  and  is  attached  to  the  tube.  Figure  9 
Shows  the  effects  of  air  when  the  liquid  is  slightly  below  the  . 
top  edge  of  the  tube.  At  2  l/min  (Fig.  9a)  ^be  flame  is 
detached  from  the  tube  and  is  still  strongly  luminescent ,  except 
at  .the  base.  The  luminous  part  becomes  very  small  at  4  l/min; 
the  flame  is  still  conical,  but  now  with  a  rim,  and  its  various 
parts  have  different  colors.  The  outline  becomes  diffuse,  and 
the  flame  starts  to  roar,  at  higher  speeds;  Fig,  9,  C-e,  illus¬ 
trates  the  behavior. 

It  is  difficult  to  give  a  full  explanation  of  this  behavior; 
it  is  clear  that  the  flame  becomes  detached  on  account  of  dilution 
with  air  (see  Zel'doyich  [43  on  the  extinGtipn  of  the  flame). 

The  low  luminosity  is  clearly  the  result  of  an  increased  rate  of 
influx  of  oxygen. 
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Temfeeratjm  a]riidL.,.Ka!da.ati'G^^ 

ji  ffeeee  t’eaturcs  are  very  iraT^drtant  to  the  theory  aWd 
practice  of  liquid  combust idh,  but  our  informs ti dp  on  I'Kem  is 
r  a  t :h  e  ir  sea  tit  y .  Ke  1  iab  1  e  m  e aisUT e ml e  n  t  s  are  <d  i  f  f  i  c  ul  t  t  o  e  ^ 
dsfecially  for  tixrbulent  flames;  the  problem  is  made  lifore  dif fi- 
cult  by  the  rapid  and  Oonside^rable  fluctuatiofis  if  the  veiDsel  is 
of  fairly  large  sizer 

The  luminous  flame  is  of  the  main  interest  to  us;  this  con¬ 
tains  TOahy  very  small  carbon^  prirticies  .  Sqhak  [14]  has  showh 
that  these  particles  differ  in  temperature  from  the  gas  by  only  a 
fraction  of  a  degree;  the  eniasioh  comes  principally  from  the 
Particles* 


Thermoebupies  and  optical  pyPGmeters  can  be  used  to  measure, 
the  temperature,,  provided  that  the  readings  are  suitably  cOr- 
reetedi  It  is  best  to  use  two  the rmocov. pies  of  different  (known) 
s i z es .  The  d i sa p p e a r in g-  f i  1  amen  t  p y r o mete  r  is  also  cb h v e n. i e n t , 

but  this  reads  bnly  the  brightness  temperature  (that  of  an  absb-: 
luteiy  black  body  having  the  same  brightness  at  the  chosen  Wave- 
1 eng  t  h ) ,  w h i G  h  can  di f  f e  r  by  se v e  r a 1  huh d r e  d  4  e  otees  from  t  he 
true  temperature  (the  de|ree  Pf  blablcneas  is  the  controlling 
fact  or  K  Several  methods  have  been  Prbpbsed  fi/rlS]:  for  measur¬ 

ing  the  true  temperature  and  decree  of  plackRess  Qpriveniently : 
one  of  these  is  to  measure  the  bright ness  temperature  at  two^ 
wavelengthp,  and  another  is  to  use  a  tetPerarure  lamb.  We  des¬ 
cribe  the  latter  in  detail. 


The  temperature  lamp  is  a  strip- filament  lamp  wposb  brieht- 
n  e  s  s  t  e  m p e  ra  t  u  r  e  i s  k  n © wn  as  a  f u n c  t i o  n  b  r  cur  ren  t ;  t  hi s  e na  b 1 e  s 
one  to  read  the  temperature  in  terms  of  the  current.  The  bright¬ 
ness  t e mp e r a t u r e  of  the  flame,  s f ,  is  me a sure d ;  the  our re n t  i s 
adjusted  to  make  the  brightress  temperature  of  the  lamp.,  some 
200-500^  more  than  s^i  Then  a  measurement  is  made  of  the 

brightness  temperature  of  the  lamp  as  seen  through  the  flame. 

The  pea4irivq:s  enable  one  to  deduce  the  terrperatuf e  T  and  degree  of 
blackness  €  by  means  of  the  fbHowing  formulas. 

Let  Bf  be  the  brightness  of  the  flame  as  measured  at  wave¬ 
length  then  Planok’s  law  gives  us  that 

a-'  (-#-)  =  e  a-^exp|-.  , 


in  whiefe  Ci;  and  Cg  are  eonstants..  Let  P],  and  B']_f  Be  the  bfip.-ht 
ness  of  the  filaiseht  as  see®  direetla  and  via  the  flame;  then 

Bj-a-  exp|-^J 
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%  -  cr*  exp  ^  -  e  exp 

4  e  iCp  “--6 1  >."®  exp  j^i . 


These  equatiohs  give  us  that 


X  , 

^^Ine 


*  -*+«»|-f <a,2« 

It  is  usual  td  use  a  red  filter  of  effeGtive  waii^eleia‘gtfe 
6.65  u  in  the  pyrometer  t  then  Cg/X  is  2.1^8  x  10'  •  These  two 

equations  (2*20;)  and  (2\21)  give  T  (in  ®K)  and  r  for  this  wave¬ 
length  . 

A  more  precise  result  is  obtained  if  T  and  £  are  found  by 
ad justing,  the  lamo  current  I  in  the  measurements  on  si  and  S\f; 
the  point  v/here  st{I)  meets  sifCl)  gives  for  if 


then 


,  ^  (1  ^  c  )  -^  Bj, 


Bx  ^  0r^  exp  =  4^  =  a-^exp  ^1 

f  =.  5,. 


The  following  two  eases  are  encountered.  If 
then  Bf  and  si  >  T;  if  >  Bl,  Bf  >  Bi^  and  si  <  T, 

Hottel  and  Brayton  have  measured  T  by  reference  to  sf  for 
wayelongths  in  the  rerl  ond  green  regioris  as  isolated  by  meahs  of 
filters  [18 1;  the  final  results  are 


1  (i _ _ L\  i-lniL 

'F  vii  ?»*  /  ^-1*3  /  ^2  ti 


(2e22) 


Zi  ^  \X2S2  / 


(2.25) 


Here  V-j  and  ^  are  known ,  and  s-|  and  S2  aro  measured,  so  T  is 
readily  found.  Special  nompgranis  have  been  compiled  to  simplify 
the  ea 1 oui a  t i on s . 

liine-reversal  methods  have  been  used  for  noniuminpus  flames 
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El^lt  are  notr  a^pli^eable  to  iumii^ous  fiaines* 

(See  '[19  31  for  a  de tailed  review  of  IrethGids  of  measur±n<g  flame 
temperatures  4 ) 


Thermopiles^  boiometeTS,  and  so  on  are  used  to  measure 
radiatibn  from  flameis.  In  one  case  [SO'I  the  previGufely  cali^ 
ferated  thermopile  find  gaiva^hbmeter  were  piaGed  at  some  distanGe 
from  the  taryc  oontaihihg  the  burhihg  liquid  (oil  productK  A 
double  fietal  SGreeh  v/itfe  a  circular  aperture  was  plficed  between 
the  pile  and  the  tank;  the  hole  v/asi  sUoh  as  to  allow  the  pile 
to  see  only  the  cehtral  part  Of  the  flamer.  The  emissivity  %  of 
the  flame  is  ealculated  aS  follows  4 

Let  he  the  radiatibn  flux  reaGhin^:  the  detector ^  which 
views  the  flame  at  right  angles  find  Which  has  a  sehsitive  area^ 
So:;  the  area  of  flame  viewed  is  s'  1  whiGh  lies  at  a  distahce  r 
The  SGreen  is  at  a  distanGe  r,  and  the  hole  has  an  area  s;  B  i 
the  brightness  of  the  flame  4  Then 


This  intt)lies  thstt 


B  = 


rm\y 


(2.t-4) 


It  is  easy  to  measure  s/r^;  A^/sg  is  deduce^  from  tfte  reading  of 
the  galyanometeri,  and  so  B  is  found  ..  Then 


gives  us  E. 


But 


E  =  ttB 


Em 


(2,25) 


in  whicla  trig  Stefan's  sonstant  and  T  Is,  as  above;  this  gives  us 
£g,  the  integral  degree  of  blackness  of  the  flame. 

3.  The  following  Cg  are  for  the  central  part  of  the  flame  of 
gasoline  in  tanks: 


Run 

1 

2 

3 

k 

Siameter , 

cm  130 

13.0 

260 

260 

T  ,  ""  K 

1590 

11393 

17<03 

1h47 

Co 

0.13 

0 . 8  b 

0.91 

1.0 

degree  of 

blackness  is 

close 

to  one 

for  the 

diameter  260  cm. 

The  absorptivity  is  defined  by 

ex  =  1  —  e— 


(2, 


in  whibh  I  is  the  denth  of  the  absorbing  layer  and  is  the 
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6  0: 


absoirfti^o®  CGef at  wgveien&tfe  X«  ffeis  lattsf  coefficieM 
is  governed  b:y  the  size  and  numibef  of  the  carbon  palrticles  foif  a 
Inminous  flaKe.;  kj^  .deCreas'es  as  the  partiele  size  increases  if 
the  propOrtiOiH  Of  Carbon  is  Gonstant,,  and  «X  may  become  ialnost 
one  if  the  flame  is  of  considerable  depth  and  low  reflectivity. 
The  efrissio®  from  the  flame  is  then  precisely  that  from  a  black 
body  at  the  same  temperature. 


h.  The  following  interesting  d'edUGtiOji  may  be  made  from 
(2.261 i  If  we  have  two  flames^  one  twice  the  tkickness  of  the 
other,  whose  absorptivities  are  and  1*2 »  then 


:(;i  —  eij*  =  1  —  e*. 


(2.27) 


This  fits  the  results  given  above;  if  v>ie  take  f  as  &.i  for  the 
ij©  em  tahfcf  then  jf  =  0.9'6  for  the  260  Cm  o>ne>  which  is  in  agree¬ 
ment  with  the  mean  value.  This  implies  that  /  Will  be  extremely 
Close  to  Unity  fOr  a  tank  of  diameter  520  Cm  Or  more. 


Tkere  is  a  geheral  tendency  for  k  j,  to  fall  as  X  increases: 
Hot  tel  et  al  tl'8T  assume  that 


bit  =  v<;.dc/ 

in  which  n  takes  the  values  1.59  up  to  O.S  p  and  0.95  between  o.S 
and  10  p.  It  has  been  observed  £,19,2511  that  the  finely  divided 
Carbon  in  a  flame  differs  in  its  oatical  Paran:eters  fropi  massive 
earbon;  in  particular,  the  varietiOn  of  With  wavelength  is 
very  m.ueh  more  rapid.  This  means  that  results  obtainei  with 
thermopiles  should  be  checked,  in  order  to  establish  to  which 
spectral  region  they  apply. 


5.  Great  interest  attaches,  to  any  estimate  of  th.e  heat  lost 
by  radiation.  Consider  a  tank  (radius  2)  not  less  than  5  m  in 
diameter;  the  t  for  the  flame  is  close  to  one,  and  the  keimht  is 
about  2d,  while  the  linear  rate  of  burning  is  alroost  independent 
of  d.  The  heat  lost  as  radiation  per  unit  time  is  th-On 


==  a7*s  4nR*aT*, 


The  best  produced  by  combustion  is 


qt  s=  afi^vpq, 

in  which  q  is  the  beat  of  reaction  and  v  is  the  linear  rate  of 
burning,  TTow  ^^^,4 

ope  * 


®or  ,«rs3oli.ne ,,  v  =  k  mm,./rain.,  .p  =  0,75  g/ern^,,  q  =  11  kcal/g.,. 


/arid  f  «  1400®  K*  fheix 


it 


(jjas^line  doiss  not  burn  completely 
iialf  of  the  heat  is  lost  by  radiation, 
fore  well  below  the  maximum  possible i 

The  carboxi  particies  produce  most 
.lumihLOUs  flame;  there  are  many  papers 


iri  these  flamesi^  so  about 
The  teriperature  is  there¬ 
of  the  emission  from  a 
Oh  their  formation,  which 


Fig.  10.  Structure  of  soot  particles:  a)  x  100;  b)  x  1000; 
c)  X  100  OOQ;  d)  structure  of  a  sipherical  particle, 

have  been  reviewed  [19,21 3-^  The  following  section  deals  mainly 
with  the  structure. 

Figure  10  [21 ]  shows  some  structures;  at  low  magnification 
(Fig.  lOa)  the  partielea  are  seen  as  being  composite  and  elongated^ 
while  at  X  1000^  they  are  seen  to  consist  of  very  small  particles 
(Fig,  liObK  .  At  X  100  000  they  are  seen  to  consist  of  filaments 
and  plumps  of  particles  more  or  less  equal  in  size  (Fig.  IGq). 


The  diffractioti  patterns  of  iydrooarbon  Sfiloka  and  of  aaiorptioUs 
lampblaGk  show  that  thd  Spheridal  particleis  revtaled  by  the  ei.ec* 
trofi  midreseope  in  fact  consist  of  crystallites  about  20  1  in 
size;  these  are  randomly  linked  together  (Jig.  lOd).  Each 
crystallite  consists  of  seyeral 
layers  Of  carbon  atoms  with 
hexagonal  packing;,  the  layers 
lie  parallel  in  the  order  found 
in  graphite but  are  twisted 
one  relative  to  another.  The 
crystallites  in  smoke  resemble 
sheets  of  .graph  paper  stacked 
with  their  edges  at  random 
angles.  The  soot  particles 
prodUeed  by  diffusion  flames 
are  very  small  and  are  cOifiplex 
in  structure.  zp 

The  proportion  of  the  car* 
bon  appearing  as  Soot  varies 
with  the  fuel  and  the  condi* 
tions;  some  liq;Uids  (e.g.,  Fig>  Pyrolysis  products 

ethanol)  burning  in  narrow  from  ethane  at  lijOO®. 

tubes  give  flaffles  luminous  at 

the  apex  only,  with  the  proportion  of  luminous  flame  increasing 
with  the  diameter.  Other  liquids  ie.g.,,  benzene)  give  highly 
luminous  flames  even  in  tubes  a  few  mm  in  diameter*  Here  soot 
starts  to  appear  at  the  apex  as  the  diameter  increases  (Fig*  ?)• 
The  minimum  flame  height  at  which  soct  is  formed  is  sometimes 
Used  as  a  measure  of  the  tendency  to  produce  soot«  but  it  would 
be  better  to  use  the  degree  of  blackness  for  this  purpose. 

The  carbon  in  a  diffusion  flame  is  formed  when  the  fuel 
passes  through  the  zone  Of  heating  1,221;  pure  hydrOearbOnS  were 
passed  at  high  flow  rates  through  a  tube  0.3  mm  in  diameter 
(transit  time  a  few  msec)  ^ the  temperature  being  HOO  to  1'i»00^, 
Figure  11  shpv/s  results  for  ethane  (abscissa:  time  spent  in 
tube) j  which  indicate  that  the  pyrolysis  is  very  rapid;  the  time 
spent  in  the  hot  part  of  the  flame  is  quite  .adequate. 

Thermal  Conditions  in  Flames 

1.  A  flame  produces  heat  by  reaCtioh  and  loses  it  by  radia^ 
tion  and  convection;  the  temperature  is  determined  by  the  amounts 
of  heat  produced  and  lost  per  unit  time,  q-^;  and  q2.  The  temper* 
ature  could  bo  predicted  if  q-i  and  q2  wero  known  as  functions  of 
the  various  parameters,  but  here  we  lack  a  proper  knowledge  of 
conditions  in  flames;  all  we  can  give  are  some  general  arguments. 
Here  we  deal  with  lafflinar  flames. 

The  surface  of  a  laminar  flame  divides  the  region  having, 


oxygi^n  but  no  fuel  -fuel  but  Wo  'Oxy^^refir  The  rate 

fet  wfeieh  the  vapor  burris  is  Very  mUeh  Seren'ient  ow  the  &uupiy  of 
oxygen;  the  same  i$  true  for  the  burhih.T  #f  solif'^s  Such  as  car- 
boh,  ©f  course t  th©  analogy  is  far  fron  ooKvplete,.  but  we  can 
Utilize  soire  results  oh  the  burning  of  Garbori  oh  beteTogen- 

eous  burhihg  generally):  [ 24-56 J„  provided  care  is  ta>K^eh- 

2,  Let  kg,  be  the’  aiPOuht  of  oxyren  GorisUmed  in  unit  tirae  at 
the  surface;  let  c  and  be  the  oxygeh  GohGehtrations  in  the 
Gombustioh  zo^ne  and  in  the  surrounding  atrro&pherO  •  ^urther^  let 
d*  be  the  gas^exchange  factor,  k  the  rate  const^ht,  E  the  dGtiva- 
tioh  energy i  T  the  flame  ten^Pefature,  and  R  the  gaiG  Gonstant, 

We  assunie>  that  the  reaGtten  rate  is  hrorortional  to  t--.  Then  vie 
have  for  the  flame  from  a  liouid  that 

^  JL 

ft,  »  9*  (Co  ^  C)  =  kc  ==  . 


ffeis  gives  us  that 


(2.Ma) 


This  shows  that  the  specifie  resctioh  rate  is  ffovefned  fey  the 
pates  of  diffusion  and  reaction;,  now  k  is  large  relative  to  «' 
at  high  terapeTatures,  So 


ks 


(2,29 > 


This  shows  that  the  rate  of  supply  of  oxygen  controid  the  rate  of 
burning;  this  mode  of  burring  is  called  diffusion  burning.  In 
this  case  c  is  almost  zero  in  the  fiaire,  and  the  specific  rate  of 
burning  vsiries  little  with  T, 

The  heat  nroduped  per  unit  area  in  unit  time  is  kg.q.,  in 
v/hich  q  is  the  heat  of  re'^etion;  curve  1  of  Fig.  1g  s:hpw;6  q^(T). 
The  heat  lost  per  unit  time  from  unit  area  of  flame  is 

g,  ^  a  (T  —  To)  +  e<r  (T*  —  7%.  (  2 , 30  ) 

in  v/hich  a  is  the  he=  t-'transfer  factor,,  s  in  the  dep;,roe  of  black-!- 
ness  of  the  flaire,  <r  is  Stefan's  constant,  and  Tfe  is  the  tempera¬ 
ture  of  the  surroundings.  Curve  2  of  ^ig,  '12  shows  q^CT),  In 
the  steady  state 

q.,  - 

The  solution  to  (2,31)  gives  us  the  steady-state  T;  it  is  best 
found  graphically  from  the  intersection  of  the  curves  for  q-|  and 
92 » 
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is  of  jC{ji t'O’  '04 


ft  -ia  Hi.iT 


feecomes  lower  as  '%c:q  d'eereases.  Figure  i>  stiows  thaie  tii'e  curves 
for  a¥dP\,| '*1:11^4^0%='  fu/Mro€»<P  m&%mU§>^e^e  ^ 

iangenfeiai  at  a  eerfeaitt  %c,q>  The  point  of 

t  emperaitiUJ^  ;^so  ,.T  %^T 

reduced^  there  heing 

persist.  ^  . 

:i  ^ \  b. 5  o 5  'Ti  .3 1 1.  9  rM  i  s d a  vj  o  1  a  q.c>^  [  'A  I  p. x  ";■  6  b '  j.  e-  •  -i 

Pra-Gti-Gal  ey-tinGt%(3Pr#t®s^%rtf 

,tases  dr  fine  sprays  of  nlGOJffeustibie  liqiiids;.  tte  drdpiets 
afesdrb  heat  in  evapdl^atinjB:!  whiS^e  tfee  vs^dr  dilutes  the  dxyren 
and  the  fuel .  *  ^  * 

9  1  s U  .  a 3  0  £  X  c  h  om  !}  n sr. xmD  ;>  ■  i  o  j  ori  a x  no.  t  j  r.^  b  sx 

16  xlx-x  Ssi-j  lx  ahrr£“  '  5  9‘-i70^  o:iT  *:.'i6C£6l  sb  axxrjfjif' 

-  n  6 1  ‘9^f.  %  i  <';l  O  0  9  d  1  f  i  B  j  X 


i  0  1  e  b  i c':  n  o  0  o  ^  e  v  b-i 
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TYT]  TcTTrfT''' 


Fig.  iP.  Graphs  of 

and  qip(T)  .  ^  i 


temp4'mt6y^^^ 
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Let  ST/E  =  0;:  ,  .-tihei .sjecond  terft.  in  ..the,.^pae|c,et 


less  than  one  ,  so  (2.55)  and  ('2..rii<).- rjnpP.la^aC 


->  f 

xo 


.7  '-•:)•.  .  o:nr; 

i#  '1'  I  *  0  [  ov  j  ] 


"1  7  3  r;.  ;  7  .  ,-*1  .j  . 


EX 


4S 


9  "i 


'1  O  '•  Ov;,.^i2.n^5)x^' 

J  ftUB'-V'-  bOrOf.:; 


This  systernf  fives  ©  aind:  fcr  this  case. 

The  burning  716®^  exp^ands  if  qc.Q  fails  t  becatise  the  rate  of 
combust ib^i  is  IbweTi 

The  main  coheiusibns  for  the  themal  Gonditioin^s  in  laminar 
flames  are  appliGable  also  to  turbulent  flames. 

^4  Zel’diovioh  [I'  J  las  sfeowri  th4t  the  flsme  goes  v/len  the 
temperature  in  the  burhifi^g  zone  has  f?alien  to 


fu^f 


even  if  radiation  is  hot  the  dominant  mode  of  loss.  Here 
extirctioh  OGCurs  as  follows.  The  zone  expands  if  the  rate  of 
burnihg  fails ^  and  the  GOnGentfatiohs  of  reactants  become  differ^ 
Oht  froni  zero.  Eventually  the  fate  Of  fOactiOh  fails  to  match; 
the  rates  of  influx,  so  the  flame  is  Cooled  and  frees  out^ 


Combo  si  t  io  n  .Chah/^es.  i  h..,:3U  f  hih.g^  Liq  u  ids 

FraGtical  combustible  liquids  are  Usually  mixtures,  so  v;e 
have  to  cohsidef  changes  in  Gowosition.  ve  shall  censidef  only 
the  simplest  (bin">ry)  mirtufes. 


1.  Blinov  [27l  has  made  experimental  ahi-  theofetiGal  stud-^ 
ies  oh  binary  mixtures,  as  have  others  [283,  Kail 
Burgoyhe  and  Katan  [29],  and  Pavlov  and 
Khovanova  [30^31]  have  studied  the  effects 


for  crude  oil • 

Fiarure  shows  an  apparatus  that  has 
been  used;  here  A  is  a  cylinorical  giaOs 
burner,  C  is  a  container  allGwin.cr  of  vert^ 
ical  movement,  B  is  a  rubber  tube  ipinin?^ 

A  to  C,.  the  $  are  bunfvs,  and  F  is  mercury. 
The  mixture  is  poured  into  A;  C  is  raised 
slowly  and  epntinuously  to  keep  the  sur¬ 
face  of  the  liquid  at  the  top  of  the  tube. 
The  flame  is  extimTuished  when  tht  set 
nrerprtipn  of  liquid  has  been  burned;  the 
liquid  is  removed  and  is  examined  v/ith  a 
refractometer,  A  calibration  eurve  for 


the  rrixture  then  rives  the  corriposition . 


Fir,  1/4.  Apparatus 


In  some  eases  the  burner  v:a.s  fitted  for  examining  coir^ 

with  a  small  thin-^v/alled  tupe  T  whose  tin  -oositicn  Ghanmes.  in 

la^  m  below  the  surface;  the  lower  burning  bin=^ry 

end  was  closed  durinm  the  burninfr,  hut  liquids, 

afterwards  it  v/as  opened  to  ailov.^  the  • 

unper  layer  of  liquid  to  run  down  into,  a  test-tube.  Then  it  was 
closed  again,  tube  C  was  raised  to  restore  the  level  of  the 
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liquid',,  anotfeef  sanvpiL!#  was  talcen  in  a  s#e6M'  tesfe^tu'be,  an4;  30  on 
All  -saifjpies  ware  examined  as  feefo-ret  Ta.ble  .^Ive'e^  Fesult.s 
for  some  tests  in  v/bie%  the  first  c6eKf.o-nen  v/a®  always  ethanol. 
Here  ft  was  7*7  tm  in  diameter,  and  initial  dertk  was 
always  50  mm;  g,Q  and-  g  denote  the  profeftions  (by  weight)  of  the 
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second  Gomoonent  before  and  after  the  teurhihf;^  h  beinp;  the  depth 
of  the  residual  liquid.  The  mixtures  GontairiinK  the  three 
hi.qrher  aleohola  always  became  depleted  in  ethanol,  but  ethahol*^ 
rich  mixtures  with  Water  did  not  chanffe  in  eoiritiGsitipn.  Those 
containing  more  than  11  wt^9S  v/ater  became  enriched  in  water. 

The  mixtures  with  benzene  beeaire  depleted  in  the  second  component 
if  ^  0*72,  but  enriehed  if  >  0*72i  the  0.72  eoirnosition 
beinpi:  invariant. 

The  reason  for  this  behavior  is  that  the  eq;uilibriufn  vapor 
does  not,  in  general,  have  the  composition  of  the  liauid,  with' 
the  exception  of  azeotropic  mixtures.  \’e  have  discussed  this 
question  of  composition  in  part  one,  so  here  we  deal  only  with 
aspects  essential  to  the  explanation  of  these  effects,  Figure 
15  shows  the  boilihAC  points  as  funetiono  of  composition  (v;eight 
proportion  of  the  soeond  component)  of  vapor  (uprer  line)  and 
liquid  (lov/er  line).  The  vapor  is  clearly  enriched  in  ethanol,, 
and  so  the  liquid  becorres  enriched  in  the  second  coi.%pG.nent  •  The 
other  two  alepho;ls  show  similar  effects. 

Figure  I6  shov/s  the  special  behavior  of  mixtures  containing 
water,  lyhieh  are  imperfect  mixiuies  of  the  second  kind  (the  azeo¬ 
tropic  coirnosit.icn  Gontains  10,6  iroie/^  pf  water  and  boils  at 
?8.15°)  -  Alcohol-rich  mixtiarea  give  a  varor  havin;;*  the  cg^oosI- 
tier  of  the  liquid;  all  other  mixtures  give  a  vanor  enriched  in 
alcohel.  This,  feature  explains  thp  resulb.s  of  '^'able  2.4,. 


Fir^re  M  part  one  Irives  tfoe&e  oufves  fdjr*  t^ne  tjenzene- 
etkanol  mlxtUree  at  eonstant  |  tfcc-lie  si;6w  that  tfee  vaPdi 

is  enr*LGfoe'<j  in  benzene  i!  tbie  male9ff  of  tfet  is  less  than 

that  for  the  azeotropic  mixtura,.  and  vice  versa  *  'This  exiAain-s 
why  sGjme  mixture-^  become  enriched  in  ethanpl.,  and  others  in 
be  nze?ne  * 

In  .^.‘eneraii  the  liqiiid  beaorres  enriGhed  in  the  component 
#hder-reprGsehteo^  In  the  vapor;  hohoVaiov’s  first  law  t3?\5i3 
enables  us  to  put  this  as:  a  t-ixture  Of  two  lie  aids  in  teurhihg 
beGbites  enPiched  in  the  corpeneht  whose  addition  reduces  the 
vapor  pressure  ior  raises,  the  boiling  pbint).  (This  deduction  is 
also  applicable  to  mixtures  containin'^  more  than  two  coi^ pGrientSi ) 


Fig,  15*  Boilin^c  points  of 
mixtures  of  ethanol  with 
ispamyl  alcohol  at  constant 
pressure . 


Fig.  l6 .  Boiling  points  . 
of  ethan0l*!-water  mixtures 
as  functions  of  composi^ 


tion. 


The  cpirinosition  does  not  alter  if  the  vappr  has  the  composition 
of  the  liquid;  Konovalov’s  seeorid  law  indicates  that  this  com^ 
ppsition  corresponds  to  a  turning  point  on  the  curve  for  the 
vapor  pressure  (or  boiling  point). 

The  change  in  epmppsitipn  is  the  greater  the  larrer  the  prp-^ 
portion  consumed,  as  Table  2,5  shows  for  mixtures  in  which  ethanol 
was  the  first  epreponent.  Rere  is  as  before  (except  that  it  is 

expressed  in  %)  i  ho  is  the  initial  depth,  and  d  is  the  diameter  of 
the  tube. 

The  eomnositipn  chan.Te,  Ag  =  go  -  g,  is  dependent  on  the 
cornbustion  ponditions,  as  Table  ?*>  shows  for  burner  diameter  and 


Tablfe  2*6  stows  fo#  rrixt^iires  co^ntaininp  oi  tfe^  secoM  com- 
ponexit  as  burin-ed;  iii  tribes  of  j^lass  iroB  tdiarrelars  21  mm;; 
wail  tteckBe'ss:  i.-row  2rnm^  glass.  t'r5  tn'm)*  tte  iron'  feiaTnar  pro- 
dticss  the'  gF’eater  c hangs  in  compositiGn.. 

Ths  nature  of  the  ralxture  also  affects  the  variation  incom- 
fositlOn  as  between  layers ^  as  Table  2. .7  shows  for  mixtures  in 
which  ethanol'  was  the  first  component  .  Here  the  burner  was  a 
glass  tube  (d  =  29*^  mm )  ^  v  is  the  rats'  of  combustion 
■and  z  is  the  distanc'e  from  the  surface  (.mm)'.  The  mi^ctures  with 

Table  2*^ 
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61 

'  30 

'  43  : 

39 
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:  40 
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26 

53 

7,7 

63 

35 

42  ^ 

83 
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92  ^ 
76 

♦  Tern  line:  £,  the  %.  of  the,  liquid  consumed  in  the  test. 

**  Sottom  line:  q,  the  %  of  the  second  component  remaining. 

t ,  1 .  e  t  wo  h i t’j h  e r  alcohol  s  s ho v/  charges  in  c o-mp o si t  i,o n  on  1  y  in  t. h e. 
to.p  25  mirn'i  v/heroas  aniline  and  .water  show  chanr'es  at  ail  leveJs. 
These  differences  are  caused  by  the  denaily  variations.  The 
alcohols  are  very  slnll*  r  in  denoity  ,,  and  tio  top  layer  shows 
vii^erous  cireuliaion;,  the  lower  layer  sriows  no  annreciable  flow. 
The  top  layer  was  7^9  door  in  a  '/ burner,,  and  mi  in  a 
:)Q  mrx  one,  Via  ter  and'  r».nilin@  differ  greatly  in  density  from 
e  t  ha  nol ,,  and  •  he  r  e  t  ho  e,i  r-cu  1  ?  I  ion  c  o,v^  r  s  t  he  ent  ire  volume. :  t  h e 
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:SU^myl  and  i^vkyj 

\ 

•  28  ; 

1  Ifi  1 

il 

28 

i  59  : 

i  2;,  2  , 

m 

;  8,5 

'  m  ; 

37  i 

I  35,  1 

7,6  1 

;■ 

! 

i  65  , 

i  U  - 

80  : 
i  28  : 

93 

1  46 

lutyi  iffcyl 

(  1 

54  i 

^  81 

!  92  ^ 

■  ■25-  : 

^  58 

;  82  ! 

:  — 

:  i-,®  : 

i  '34  : 

1  li 

:  28 

;  "S’ 

16 

33 

bir culatioh  becauisa  tk^  layer  is  denser 

than  the  g ririnal  tiire  * 

Oil  prooucts  also:  Ghonjre  iri*  eonpositioii-  as  they  hurh^  (Table,. 
2.8):  her6  ilh  d^rptes  the  ehan^ee  in  refractive  inaex.  The 

fable  2*7 


B«C.nal 

’ . 

aIcAoI 

ti=1.6:  fir«=33: 

:6=1,7:  gi=55; 

go=53;  _ 

h^im 

t==42  ; 

hi^mv  1^45 

ftp^iv/; 

hi=9i 

•^49 

i  A*=11Q! 

»e-63 

Z,  MM 

; 

^  .  Z.y  JIUf 

•_* _  , 

Ag 

2,  MM 

Aff  ; 

z„  Mm 

; 

z,  MM 

Ag 

5,0  ^ 

14.3 

2,0  : 

\  7,7 

.... 

2.0 

:  4,6 

2,6  : 

0,0 

: 

1  2,0  : 

;  27 

6,6  ^ 

•7,5 

i  6,2  : 

'  2,7 

7,3 

:  3,7 

5,6 

9,0 

:  11,0  i 

57 

12,3  , 

3.8 

‘  •  9,. 4  i 

'  1,4  : 

13.2 

3,7 

10,2  : 

9,0  ! 

19,0 

'  27 

18,2 

1,7  1 

.  12,6 

;  0,9 

19,7 

3,4 

16,5 

9,0 

:  29,0 

27 

25,5 

0 

;  19,0.  ; 

;  04 

;  26vo  : 

3,3  : 

22,3 

'  9'..0  ' 

35,0 

;  27 

36,3 

0  ; 

25i;0  i! 

'  0,1  : 

i  39,0 

3,3 

31,6 

9,0  i 

61^0  ; 

;  O'  1 

32,0 

0 

;  59,0  : 

3,5 

37.0 

9,0 

corpaonents  were  in  every  case  Upeh  in  equal  vpiurnes;  g  is  the 
pro'oortipn  i%)  burned.  The  Ghang;e  increases  ‘with  £;  the  extent 
is  indicated  by  the  An  for  benzene  and  keresene  (both  pure), 
which  is  CV.OhC)?.  The  An  for  s,plar  oil  and  kerosene,  is.  C.025'0. 
The  e f f e ,e t  h a s  been  d e sc r ib e d  e ls.e v/ h e r e  ;[ 29 so n.e  o  1 '  t he 
results  are  collected  in  Table-  2. 9:-  These  relate  to  Karaeh-uhJ-ur 
erucie  oil,  and  they  shov;  that  the  more  volatile  cornponents  are 
consumed  pref erefitiglly . 

Kow  v;e  turn  to  the  cuantitative  appeets  of  the  changes  for 
binary  mixtures.  The  followin;r  are  some  possible  cases,. 

a.  've  assume  that  the  clfculatian  is  vijcorpus;  let  a  mass 
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59 

w^cHsine  •«- 

;  'Wif V 

^r4nt4p<h/idl>‘^ 
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78 
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i 
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90 

1  370 
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94 
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‘  — '  ! 

—  ^ 

'  ; 

1 
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0,926 

0,933 
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'  148 
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T: 
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i  113 
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9.25 
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0i3 

0.1 

ikr  . 

;  14.31 

20.13  : 

32,25 

27,4 

;  tj 

28.85 

djfa  evaporate,  to  srive  a  vapor  eoptaiping;  a  weight  propertipn  af 
tie  second  component  gy  and  a  liquid  sTseeif  ied  simiianly  by  . 
Then 

gy  dm  —  mgx —  {m  ^  dm)  (gx  dgx)  mdgx  +  gx  dm> 

This  gives  us  that 

?■«  . 
i  „  /«  _  e 

i  (2.3:6) 

in  which  mo  is  the  initial  arnount  of  mixture  and  g'px  is  tte  ini^ 
tial  gx.  This  relates,  ,g^  fo,  m/m^  fOP  'nerfect  mixing:;  we  need 
to  know  the  relation  of  gy  to  for  this  purpose. 

Table  (section  fo.r  water)  eonfirms  this  equation;: 


.83' 


Fig 4  17  sfebwfs  this  ifit  teriTrs  6^  gx  ■■  fox’^  which  ths  cit'cles 
'd’eaote  the  exhe  Fiihea  tai  reaui  t  s  ahid  t  he-  line  car  r  e  sponds  tO' 
(2436).  The  gy  needed'  in  the  crraphical  integration  were  taKefi 
from'  taMes4  These  mixtures  actuail^f  do  show  a  Gireulation  that 
produces  food  mixifl-g'* . 

b4  The  Gomoosition  .alters  only  in  the  top  layer  (depth  Zg,)'. 

Here 

h  7«  h  Zt 

/im  =  I  pgxdz  =  I  pgxdi  +1  Pog<,.xdz  =  (A  —  2^)  p^o,x  + 1  pgx  dz,  ( 2  4  36  a ) 

0  0  Zt  0 

ill  wfeich  p  is  density^  z  is  distance  beibw  the  ssurface^  fe  is  the 
total  deoth^  #  is  the  mean  density,  a^nd  is  t>‘he  mean  g^.  In  ' 


Fig*  1?»  M’fect  of  burning 
on  the  compos it ion  of  aque^ 
ous  aleohol. 


the  steady  state 

^  =  I  Pgxdz 
P 


Fig,  i8 .  CencentratiGn  , 
curves  for  a  burning 
liquici  (case  b). 


will  be  constant .  let 

A  i=i  I  ^  const , 


♦  it  is  readilj:  shpv;n  that  (P.>6')  applies  also  to  groups  of 
similar  com^ponents  in  a  complex  mixture,  provided  that  this  is. 
well  stirred- 


Tfeen 


A 


lx  =  Pclfos*  4*  • 


If  ,p  is  indepeMeat  of  g^,,  V/e  teave 


it  is  readily  sfeown  tfeat  gy  is  tfee  same  as  in  t'h^e  steady 

stvate,  Consi'd-ef  -a  re'ct'anip'iila.'r  OGordinate  system,  wims.e  axis  of 
abscissas  is  z  and  whose  Siixis  of  ordinates  is  let  tfee  dis- 

tribi'ition  of  ttee  seeb-nd  Gomborent  ht  tbc  time  w/iefi  the  debtb  is.  h 
be  fepresehted  by  abo  (Fig.  iSj’*'.  After  a  time  M  ^  wben  tke 
depth  is  k  the  distribution  is  repreoerited  by  a’b’c,  in 

which  b*C  is  Shorter  than  be  by  ^h.  The  effect ^  in  the  steady 
state  4,  is  that  a  layer  having  the  initial  Gombbsition  is  iostf 
for  sections  ab  ^hd  a*b’  are  identical;  then  in  time  dt 

dm  =  vdt  ==  pQ  sdh. 

The  change  in  the  mass  of  the  second  Gbmpbheht  in  the  mixture  iri 
this  time  is 

d  (ta^x)  s=  P^o.x$dh  =  go.xdm. 


But  the  a.mouht  of  that  cbTipoheht  b^.ssin-’  to  the  vapof  in  time  dt 
is  gydmi  so  _ 

d  ihspgx)  g9,xdm  =  gudm 


and 


Sy  ^  SofX* 


.(2o>8a) 


That  is,  if  the  GG.rrpOoition  alters  onlj.  in  a  surface  layer  of 
derth  zp  <  h,  then  gy  =  g,ox  steady  state. 

Further,  (P.jSa)  enables  us  to  d.ed.uce  for  the  surface. 

For  this  purpose  we  blot  g  horizontaliy  and  the  boiling  point  ^ 
vertically  {Fiff-..  1.9);'  noint  a  c.orrespGnds  to  the  initial  e.om'oo.si- 
tion ,  v/hQS.e  -9  is.  -?^*  ..  Throu^qrh  a  we  draw  a  horizontal  strai.^^ht 
line  to  meet  the  curve  fpr  the  vapor  at  b.;  this  defines  the 
initial  gy  Similarly,  a  vertical  line  throu-fh  a  gives  us  roint 
c,  which  defines  the  eomposition  cf  the  vapor  over  the  burning 
liquid.  The  abscissa  of  point  d  gives  u,s  gg.,  the  g^  for  the  sur¬ 
face  of  the  mixture,  and  the  boiling  point  corresponding  tp 


^The  precise,  shape  of  the  curve  is  without  signif ican.ce.  in 
what  follows . 


sainfr  ©jf-oee'd^irs  may  toe  used,  tof  course ,  for  i-mperfec.t 

mixtuiresi 

The  ft  a*d  k  of  a-ii'd  (2.38}  are  readily  found  when  the 

law  followed!  toy  jg^  in  the  top  layer  is  kBown.  For  example,  the 
top  layer  may  be  perfectly  stirred  ,  in  which  case  ,p  =  at  all 
points  in  it,  so 


A  =  (g  go  J  PoZo 


a*d 


f 


Sx  go,x  +  ^ 


i2.m 


The  zq  given  fe; 


is  tlGse  %o  that  for  the  layer  of 


Fi^  e  1 9  •  Gra;ph-i cal  4e t  e rm in- 
atioh  of  the  comppsitioh  of 
the  surface  layer  and  pf  the 
Vapor  at  co?hstant  pressure. 


of  ethyl  and  is.oamyl 
alePhpls . 


vigprpus  oirpulatipn  noted  .i?bpve.  Table  2*7  shcvfs  that  the 
alcohols  give  distributions  of  this  type  (their  densities  differ 
little);  '(?.3§)  desprijbes  these  mixtures  adequately,  as  Fig,  20 
shows.  Kere  the  ordinates  are  -  ?ox^ ’  poipta  represent 
experimert^^^  results  for  two  different,  mixtures:,  and  the  lines 
derive  from  (2.^8). 


c,  So;rre  oil  products  (ben7.iner  crude  oil)  rive  rise  tp 
layers  having  vigorous  Girculatipn  1 51, 5^1;,  here  the  tei^^perature 
and  Bx  those  for  the  s.urface,  and  i-nprca.s.es,  with  t  up  to 
.some'  limit.  We  may  represent  the  system  as  pne  of  two  .liquids , 
namely  liquid  i  (cpmrpsition  invariant,,,  but  net  and  liouid  3l 

(also  invariant,  ihe  first  lyinr  above  the  second,  V-e 

noed  to  know  how  the  co’T'p.osi tion  of  liquid  changes  as 
increases,,  let  v  be  the  thickness  of  the  layer  burnoca  in  unit 


time  (ttie  ssfe'ctfic  burttin=r  Sate)  arid  let  u  be  t'Ke  rate  oii  MGrease 
in  the  tteicikneS®.  of  tMs  bomo thermal  layer-  'The  mixture  is 

aBSfflm'-i  to  consist  of  twO'  .mutually  solu'b.i'e  eOrPoosnentS  the  secO®d 
one  being'  the  more  volatile- 

Let  a  mass  i^m  be  barned;  tfe-... 

=  sA. 


but 

m  =  s  f  pzo  ‘h  Pb  Zo)l  i  =  P&a  +  ^  a)  pogoix. 

Tkese  eqiUatiO'ns  im0l5'‘  that 

gt  t(p  -^  ^bii)  +  po  (hi  ^  AiH  —  (pgx  ^  pogb.*)  (^o.» 

.  +  PbgbiX  (fh  hi)]* 


in  whieh  aubscFiOts  t  and  2  .f elate  to  differerit  insta-ntSi  But 

r©.*  ^0.1  ^  « A/,  hi  —  hi  =  iiAt^ 

in  whieh  At  is  a  short  tirfe  interval;  the® 

a  =  f“*Sx-i‘*  +  o)P«eo.x 

-  *  iz.m) 


fhe  two  liOjuids.  differ  little  in  derisity,  so  We  may  nut 
^  =  pQ,  whereuoon 

gv  -  go.x  +  (go.*  ^  gx)  %  <p  ^  ,  (  ,?  ,  fc  1i ): 

This  shows  that  gy  is  dene'ndsRt  .©n  u/y,  Kow  gg^  >  so 

gy  >  at  all  tir/ies. 

If  u  »  V,  ^  €ox^  value  corr^spondin/g  to 

^GX?  $y  dCvereases  v/ith  and  gy  =  gp^  when  ^  =  0. 

d.,  v-onv'ectipn  is  absent;  only  diffusion  oecura*  The 
fusipn  equation  in  this  case  is 


© 


d% 

dz% 


V 


% 

dz 


gc:^ 

dr’ 


in  whichi  D’  is  the  diffusion  eoeffiaient the  other  symbols  being 
as  before.  The  boundary  conditiono  are  :=  for  all  z..  at 

t  =  Q  and  for  z  ^  pc  for  t  >  0;  v  is  assumed  to  he  constant. 


a? 


'The  so-lutioo  is  therS' 

i  (?  ^  f  »  — T)i?  ^  * 

gx  go.x  -  4  I  exp  ^  ^  I  fJZTi  ’ 

0 

ill  wkd;G;h  If  is  a  parameter  an€  k  is  a  con  start. 

The  new  variable 


enables  us  to  put  the  solutiGn  as 


The  steady  state  Gorrespcnds  to  t  =  oo^  irj  which  Gaae  the  integral 
oh  the  rif^ht  becomes 

Jexp  {-.#^||dT  =  %xp  (-5) . 

6 

and  the  steady  state  has 

Sx  ^  go.x  ^  {gf  ^  go*x)  exp  ^  ^  ^  ^  ^ 

in  vrhieh  .gg  is  the  gy  for  the  siurface. 

Published  values  incic^ite  that  .D  is  about  10  cm  /sec;  i*f 
V  is  0.004  cm /gee  (P.4  mm/min) ,  gy  =  even  for  z  =  0.2  mm. 

These  results  show  that  the  composition  hardly  alters  if 
convection  is,  absent;  any  channe  in  comnoaition  roinns  to  vigor¬ 
ous  conveetibn,  vjrich  is  dependent  on  the  qonposition  and  on  the 
conditions,  The  same  is  true  for  =  gy  “  Sox*  above 

examples  cover  all  possible  cases. 

The  eonclusions  pan  be  extended  to  mixtures  such  as  crude 
petroleum  and  oil  products,,  v/hich  may  be  treated.  rG,uvhly  as 
binary  mixtures  of  a  volatile  pomronent  v/ith  one  oi  hl^Yi  boiling 
point,  There  is  no  maximum  or  minimum  on  the  boilinm-point 
curve r  and  the  solutiens.  are  probably  elosa  to  ideal.  The  above 
analysis  enables,  us  to  explain  the  effects  observed  for  oil  pro-^ 
ducts  burning  in  large  tanks  (Burgoyne  and  Katan,  Pavlov  and 
KhavanDva):,,  but  lack  of  details  prevents  us  from  performing  a 
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strict  iqri^antitative  an^l,ysi:sr. 

Buf'gGyne  an;d  Katan  IE293  cbncliii^e  tfcat  eq.lials  v/u,,.  but  wb 
fcave  stebv^n'  that  &g  is  W'a^Gfe  less  than  v/u^.  s&  aM-itio-nal  assU^nip- 
tibns  are  hbedred.  in  factr  shows  that  dobs  not  ednal 

t/f»  Bnrg.oyne  and  Ka  tan’s  conclusion  about  Ag  and  v/u  is  based 
G^n  a  v/rpng  pdcture  of  the  mechanism  whereby  the  heated  layer 
becomes  deeper. 
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Rates  of  Combustion  of  liqui^^^  in  Tanks 

1.  Figure  14  shows  the  apparatus  used  to  measure  the  rate 
of  pombustion  for  vessels  of  small  diameter. 

The  rate  in  a  large  vessel  was  measured  by  conneeting  the 
vessel  to  a  level  indicator  ftraFsparent  tube  with  scale);,  the 
rate  v  =  ¥/s  (in  which  V  is  the  volume  rate  and  s  is  surface  area) 
vras  read-  by  means  of  the  scale.  In  later  tests  the  level  UB,s. 
kept  GG.nstant,,  es  in  [3].i,  where  the  burning  tank  was  covoled  to  a 
store  tank  directly  end  to  two  metering  tanks,,  the  system  being 
controlled  by  a  float  gauge  and  contact  system,  The  level  in  the 
store  tank  fell  as  the  3,iqui4  burned:  the  float  closed  a  contact, 
which  energized  a  solenoid  valve  to  allow  the  lipuid  from  one 
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metering  taiifc  to  entei*  the  store  until  the  OTiprinal  level  was 
restored^  The  metering  tanks  were  fitted  with  sight  tuhes  tO' 
read  the  cdnsumption.  The  level  fluctuated  ohiy  over  a  range  of 

5  mm  in  this  system^  as  was  shown  by  the  readings  of  a  theriho- 
Goupie  piaced  at  the  surface^ 


2.  It  is,  found  that  the 
rate  of  Goinbustioh  rises  at 
first  arid  then  remains  GOnstahtij 
if  the  liquid  is  Sufficiently 
deep  aa  Fig.  21  shows 

(curve  l).  The  steady  rate  of 
change  of  h  is  taken  as  the 
burning  rate^ 

A  mixture  whose  level  is 
hot  maintained  may  show  a  COh- 
tihuOus  fall  or  rise  in  the 
rate  (curves  2  and  3);  a  fall 
GGGurs  with  ethanGl-propariGl 
mixtures,  and  in  mahy  other 
Cases ^  when  burners  are  usedi 
A  rise  Occurs,  for  example, 
when  tGluene-^rich  ethahol- 
toluehe  mixtures  are  used. 

The  initial  rise  in  rate 


Fig.  21.  Depth  of  fuel  as 
a  functioh  of  time. 


is  caused  by  the  heating^up;  the  later  changes  are  eaused  by 
alterations  in  Composition. 

We  give  belovr  some  results  for  burners  and  tar^s  of  various 
materials  and  of  wall  thicknesses  S  from  0.3  to  1  mm 

Keavy  fuel  oil;  d  of  1300 ,  2600,  and  22  9^)0  mm  gave  respect 
tively  V  of  1.3>  2*3»  and  2.2  mm/min. 

Diethyl  ether:  d  of  300,  8Q0,  1390,  and  2640  mm  gave  respec 
tively  y  of  2.1,  2*7^  4*7,  and  6.1  mm/min. 

The  tables  below  show  that  there  is  a  wide  spread  in  the  v 
for  d  <  10  mm  but  good  agreement  fpr  d  >  10mm.  A  careful  study 
of  the  results  for  any  one  liquid  (say,  benzine)  shows  that  v  is 
dependent  on  §  and  on  the  material;  the  v  are  nearly  equal  if  XS 
is  constant  (X  is  the  thermal  conductivity),  as  Fig.  22  shows  for 
d  constant  (1Q  mm)  and  X$  variable  (glass,  stainless  steel,  and 
copper).  Here  y  falls  fairly  rapidly  at  first  but  eventually 
tends  to  a  limit.  This  effect  has  received  detailed  study 
[1,3,10];  Fig..  25  shows  y  against  d  for  isoamyl  alcohol,  in 
whi.ch  the  open  circles  are  for  glass  burners  of  &  about  1  mm.  and 
the  half>- filled  ones  are  for  stainless-^steel  ones  having  &  of 
0.4  mm,.  Cle.ariy,  v  falls  as  X  increases*  The  effect  has  been 
observed  for  other  liquids,,  but  its.  extent  varies.  In  general, 


fe.be  effect  of  S  feec'^mes  less  as  &  likofeaiseis. 

k*  Tbe  V  as  averaged  fOT  feurners  of  ^ibseiy  sinriia-r  XS  steow 
a  blear  relatibli  of  v  to  4;  Pilfi  illustrates  tF'is  for  fcerdsenb. 
fh*e  v(d5  carve  is  tbe  sarne  idr  all  liduids;  tfeere  is  first  a 
rarM  fall,  feien  'a  miniwu-m,  a-nd  finally  a  teH^ency  feo  approacb  a 
lithit  (tbere  i$  no  igreat  variation  in  v  for  d  between  1:  and 
Pj2.9  m)  i  Tbus  tbere  are  ,'  in  ef  feGti  tlree.  ranges  of  d  eacb 
baving  its  OWn  form  for  v(dj'-r 


Gfe'Servations  and  pbotographs  show  that  the  fiame  from  a 
burner  (small  tube)  is  laminar,  wbereas  that  in  a  wide  tank  is 
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Tractor  Kerosene 
Oi5il6  3 
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turbulent*.  This  gives  -an  indic^tdpr  why  v(d)  skov/s.  the  above 
behavior;  v  falla  as.  d  increases  in  the  lamim^^r  ranre  but  shows 
little  variation  With  d  in  the  turbulent  range,  A  reasorably 
exact  relation  for  the  laminar  T3<n'p‘e  is 

V  ==  a  4- bd-^f  ^  ^  ^  ^ 


in  which  a  and  b  are  factors  that  vary  froni  one  liquid  tp  another; 
a  may  be  interpreted  as  the  v  for  d  =?.o<?,,  if  the  burning  w-ere  to^ 
remain  la.minurf  Table  2f%b  gives,  a  and  n  fpr  lianids  in  burners 


'Sf  stainieBS  steel  aft'd  g'lass;,  tlies’e  Bfeiaw-  that  m  is-  ahout 
while  a  vai'ies  from;  'G*^'  to-  1*4  mmi/fflih. 

The  res-ults.  for  d  between  1  aSd  B3-  m  are  few  aftd  not  very 
or  €  else  i  fewt  some  valUafele  eonclusi'0,his  ca;n  fee  drawn*  There  4s 
hardly  any  variati-Oft  of  v  with  d,  and  the  v  for  the  varieOB 
liquids  differ  rauGh  les-S’  than  they  do  for  smaller  dy  aithoi*gh 
these  V  are  larger  thah  those  fOr  d  ^  i'5  mm.  The  region'  is*,  of 
cO-urse,,  One  of  turte'ulent  cOm;fe'ustiOh’. 

5*  The  Be  for  the  vapO:r  stream  froft'  the  liq'Uid  is  of 
Tafele  P.tB  Tab'le  2'*lJ 


Kerosene 


i,  MM 

1 

MM/mn 

'  : 

d,  MM 

; 

:  v,  MM/mn 

•» 

|: 

3J: 

>1 

10,3 

[ 

3,3 

11] 

6,2 

5,0 

6,2 

5|2 

4,0 

6,0 

6,0 

8,7 

;  2,6 

7,1 

3,3 

12,6^ 

1,:5 

n 

1,9 

14,6 

1,4 

20 

1,3 

20  : 

,  1,05 

30 

1,0 

25  : 

0,8 

47 

1,0 

54 

0,8 

80 

0,9 

101 

1,0 

148 

0,9 

:  I  SO 

1.5 

300 

1,6 

200 

1,6 

00 

3,0 

250  : 

1,6 

2900' 

3,6  ' 

300 

1,8 

800 

'  2,3 

1390 

2,6 

2640 

'  2.7 

interest;  the  follov/iriM  are  some  values  for  benzine: 

rf,  MM  5,0  7,1  II  20  30  47  ,80  148  «•  MX- 

ftf,  !(■•’  0.15  0,12  0,08  0.09  l',08  0,1  0..  O.Vf,  ti.92  .;>  t.,..  98 

The  i?e  for  the  cold  streajms  produged  in  small  burners  are 
rt.uoh  below  the  critical  Ee;  the  usual  eritic.ai  value  is  exceeded 
for  d  =  5G0  mm,  (Each  the  same  is  found  for  other  liquids 
[?,5]*)  These  results  indicate  that  turbulence  should  set  in  at 
or  below  300  mm,  but  the  observations  above  on  ti.'e  pulaati.ons  in 
flames  show  that  the  velooity  -orofille  is  such  as  to  initiate  tur^ 
bulence  for  Re  well  below  2GQG,,  and  nerhaps  at  3OO/-kQ0.  The 
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latter  raiige'^  is  reached  ftxr  d  w.'  &*;!o:4at  cm,,  andr  in  f^ct^  feeri- 
zinte  burnihg  in  a  vessel  ot  diametir  i3  eih  iP&g*  1*)'  doves  have  a 
randoml5^  pulsating  flames  Mis  means  that  the  fate  of  tufbulent 
combustion  at  first  ihCreases  with  d^  but  later  femains  canstaut 
over  a  wide  range. 

The  transition  fegiGn  is  associated  With  the  onset  of  puls¬ 
ations,  which  begin  at  a  d  depehdeht  On  the  nattiife  of  the  liquid';, 
the  bulk  burning  fate  V  is  the  Gont foiling  factor.  Figure  1'^ 
and  many  simiiaf  results,  would  indicate  that  this  fe^gion^,  which 
cOffespOnds  to  the  part  around  the  miniinuisi  on  the  Gufve  pf  v 
against  d,  starts  for  d  of  about  20  mnii 

4.  The  start  of  the  transition  fe/gion  can  be  deduced  in 
ahothef  way.  The  theory  of  the  laminar  flame  shov/s  that  V/S  ^  P, 


Fig^  22*  Selaticn  of  y  Fig.,.  2^-  Feiation  pf  v 

to  for  benzine,.  to  d  for  isoamyl  alcohol: 

1 )  glass ;  2 )  steel . ? 


in  which  P  is  the  dif fusion  coefficient  for  oxygen;  V/^.  remains 
constant  for  laminar  burriing.  Table  2.19  gives  the  apparent  p 
{divided  by  10),  for  various  fuels  as  functions  of  d;  these  show 
that  y/6  remains  constant  up  to  4  of  2^^  cm  and  that  the  apparent 
P  has  increased  by  a  factor  1'0^  for  4  =  15  cm. 

7.  This  relatlph  of  v  to  d  for  laminar  flow  may  be  explained 
as  follows.  The  rate  is  goverhed  by  the  heat  q  received  by  the 
liquid  from  the  flame  in  unit  time.  Fut 

q  ==  nR^pvqp, 

in  which  F  is  d/2,  f  is  the  density  of  the  liquid,  and  is  the 
amount  of  heat  needed  to-  bring  1  g  of  the  liquid  to  the 
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:evaporat.i:G=n  t'ein:prea?ature  and 


then  t 

0  evaborat e  it . 

f 

be  liquid  receives  heat 

by  rad 

iatidh  and  cohductiGh,  in 

par  t  t 

ihro'U'gh  the  wall  of  the 

vessel 

.  Let  q^,  and  q-z  b# 

the  am 

bunts  of  -  heat  receivea  in 

the  se 

va  rio  us  way  s ;  the  n 

4 

qi  4"  <7*  +  qti  ^  ^  ^ 

A 

laminar  flame  is  -ebhi^ 

cal  i  W 

ith  the  vessel  as  its 

base . 

Now 

iii  vvhiGh*  X  is  the  thermal  Go?n- 
ductivity  of  the  gas  ■between 
the  flame  and  the  liquid,  dij^dn 
is  the  temperature  gradient , 
and  Y  is  the  width  of  the  zone 
in  whiGh  heat  enters  the  liquid.- 
are  hot  dependent  on  d,  then 

qi  ^  aiRi 

in  Which  is  a  fact or  independ^ 
ent  of  d. 

Vfe  can  also  find  approx¬ 
imately  if  v;e  assume  that  only 
the  eombustion  zone  radiates. 

The  liquid  receives  from  ring 
of  width  6r  and  radius  r  an 
amount  of  heat 

dq2  ?=  2nr Area)  dz, 

(Fig,  25)  1  in  whieh  ca  is  the 
solid  anple  subtended  by  the 
surface  at  the  ring,  f  is  the 
radiating  .capacity  of  the  flame, 
dz  is  the  height  of  the  ring, 
and  z  is  its  distance  from  the 
surface.  As  a  measure  of  cj  we 
use  the  angle  as,  seen  from  the 


Table  P..i4 


j 

Crude 

r  ct  u  J:  e  r  .  1 

tetroleu 

H 

m  llfl 

MM 

;  %l%hi  CiWv 

3,3 
5,2  , 

7  ' 

M 

liZ 

A'  fl 

2(0 

1„3 

'A  *7 

O;,/ 

12,6  I 
.  14|6  1 

26  r  6  ! 

Ufo 

0,6 

6V6 

6v5 

1  0,7 

6,5 

6,5 

0,4 

25.6 

54.6 
161,6  : 
liRA  A 

6,5 

.0,5 

6,45 

n  *7 

6y4 

0,4 

0,4 

360,0  : 

800,0  : 
iodn  A 

0,7 

oys  ; 

;  ifS-  : 

1'  c 

OfS 

i  li4 

iMsU.tV 

2646, d 

Wo  1 

1,5 

lf4 

1,^ 

If  we  assume  that  Y  ahf  dl^dtri 
Table  2.15 


Quartz  Burner,  d  =  mm  |i5] 


Liquid 

mm/inin 

Benzine  :srrade  1 

:  2.2 

n  M  ij 

i.a 

Kero sene 

1.0^ 

Paraffin  oil 

©.65 

Trans  forme  roil 

‘  0,b 

Wrk  oil 

0.2 

Heavy  fuel  oil  after 

3  hours-  burning 

!  0.4 

FiS  oil 

'■  0.2 

Glycerol 

0/4 

Amyl  aleohol 

i; 

Butanol 

i''  1.0 

Met hanol 

!:  0.9 

Acetone 

?  1.3 
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t.1i6 


©uartz  BurnfeTi  s  ram  £1 J 


iiiauid 

:  Bim/min 

i|  iiieuid 

i: 

Avtol 

Machine  oil  ‘  i 

!  QA 
:  Q.f  ‘ 

!  Affiyl  alcohol  : 

i  Isoamyl  alcohol 

;  i'.3 

I  i:.'4 

Petroleum  ether 
Benzene  fraction 

:  .2*ii  ; 

;  3.3  i 

1  Btitano'l 
j  IsObutanOl 

!  1.  i 

' 

Benzene 

i  3*i  ' 

0  7 

C'S^ 

[f* 'VivT-  vT 

•  1:.? 

1 

Xylene 

:  2*0  i 

X  iw  'U  IX  J  ^  ‘U  X  w  Jr  ^  'XV w  w  x/  XX  x 

]  Dito'ethylaniline 

:  1.5 

Skipidar 

,  2,  h  • 

;  Solar  ®il  I 

.  ©.1 

Acetone 

:  1.,4  i 

Kerosene 

i  1 .0 

Methanol .  i 

'  1'.2 

■  Green  oil 

i  1.3 

Diethyl  ether 

:  2.9 

i  Automobile  benzine  , 

:  U? 

AceloacetiG  ester  : 

i'.3  ,j 

'i 

J 

;  Aviation  spirit 

2.1 

same  hei-ght  on  the  axis: 

<p  ==  ^  ^  i 

in  which  h'  and  I  are  as  shown 
Bmt 

so 

But 


V,Mm/  miH 


r 

T 


R 

6 


A  =  $—  z, 


so 


dqt  ^  ?)  (l - 


(f  ±=  4j*®eAr. 


The  integral  from  0  to  with  6  -  R/S ,  is 

.</»«=2n*eAr/?»fp. 

V 


in  vxhich 

f  (fl)  =  1  +  28  ^  KHP*  —  0^  In  i±iSS . 

y 
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O  ' 


n  ’wiich 


ic  f 

crans'fer 
b is 


?.r  Vviiic*h 


'■voit  2. 


. .  . -  .]  ^ 

%tcam$h 

Vi  Mm/  Milk 

d~*  -mm 

I  'l-SOOt'kWIii. 

i  Ui  MM/mU  :j,  rf,  MM 

Vt  MM!  SntH 

McoWls^  Jtoy  0*1 


4,:9'  i 

«„9'  1 

3,:0 

22,3  ; 

'6,3  : 

6,3  : 

3,6 

:  24# 

20 

7,0  i 

6,4 

5,2  : 

;  i.2,;o 

9# 

7,7  : 

4,6  ; 

6,3 

7,1 

9;3 

4„li  ’ 

1  7,0 

8,-0 

6,4 

10,7  1 

3,4  .  i 

1  9,3 

4,6 

4,4 

15,3  ; 

2,5  ; 

10,5 

4,5 

3,8 

20,7 

1,9'  i 

i  15,5 

3,0 

2,5 

MA  ; 

2.0  1 

20:,7  ; 

i  2,4 

2,1 

30,0  ; 

!  .146  i: 

36,0 

;  1# 

i-,8 

36,2  ‘ 

.  h'i  ^  i 

: 

i  — 

1  ^ 

46,8 

2,2  i 

i  — 

■ 

- — 

Alcohol..^  steel  Burner 


i.  mm 

4,0 

6,0 

8,2 

12.7 

ji) 

1 

i  .  .  . 

14.0 

G,2 

•1,3 

2.9 

-,i 

r2,8 

5.4 

3,6 

2.8 

0 

10,2 

4.6 

3.5 

2,7 

2,'; 

Axcdfcois,  Copper  Burner, 

d  =r  IGmm 

tc6y'  . . . . 

. . 

XsoA^yi  . 

V, 

2,7 

2,2 

2,05 

fce; 

/'3  "^nrdes  little  v/ith  so 

v/c  say.  :^hat 

q%  ^  a?/?*. 

■"?  - 

f  aon;:t.ant  for  a  given  li 

quid 

ir  t 

reoedyed  from  the  v^all  is 

=  UnRlc  aA#> 

l-r  ' 

>  t  le/igLii  ::f  the  Vioa  fM. 

part,  0:  io  tl  ' 

•r  an^  xs  the  -1^ en?-D^'rntr^re  diff erenee  , 
£  )CL  aa  jI  •'>  and  w.f^  ?n  .y  essum..'  [181  that 


jV  u  ^  B  (OrPry\ 

a  lor  ts  .nd  n  li;is  V^tween  0  rd  1/3 -• 
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4'rPr  j.  whi©!'  ia  future  wg  denote  by  Ra  (Eayl&igb' s  criterid®), 
eontaihs  R^,  while  Ig  and  ^  vary  little  v/ith  R  in  the  range  of 
interest  to  us;  then 

% 

arid  0  ^  n  <  1^* .  Then 

93  -  a^R^\ 

We  insert  these  various  t  in  (2i44)  t^^  that 


u  -  *0 


ip  whidh  feo  =  g  and  (a  -  1)'  > 

Rough  calculations 


-  2)  > 

Table  2.lS 


show  that  V  falls  as  d 
increase s  on  Account  of 

Liquid 

a 

h 

une  reouceci  Gom^rzLou* 

tions  from  Gonducti&n 

.Autoraebile  benzine 

:  '\  .  .  k 

;  1-73 

via  the  wall  and  the 

Tractdr  Jcerosefie 

:  1.1 

1.81 

flame ;  (2 • 45 )  is  in 

Illumi na  t i ng  ke  ro  S ene 

:  0.9 

;  1.51 

general  agreement  With 

Solar  oil 

^  9.3 

■  1.54 

experiMht .  Experi¬ 

fiiesel  Oil 

0.8 

1.31 

ment  [41  shows  that 

Transformer  Oil 

^  0.3’ 

:  1.5 

Conduct ion  through  the 

Ethanol 

1.0 

:  1.5 

wall  does  play  a  major 

Butanol 

1.5  : 

i,3 

part;  here  a  cppper 

IsOamyl  alcohol 

1.3 

1.5 

ring  of  the  diameter  of 
the  burner  (9*4  mm)  was 
placed  between  the 
burner  and  the  flame. 

This  ririg  was  made  pf 
wire  0.8  mm  in  diameter 
and  was  joined  to  a  copper 
was  a  gap  of  0.?  mm  between 
surface  at  the  top  edge  of 
out  the  ring  and  1.1  mm/min 
difference  must  be  that  the 
wall  of  the  burner* 


Glass  Burners 

Ethanol  1.0  I.5 

But ahpl  1.0  1*3 

Ispamyl  al cohpl  1 .0  -  1.3 

tube,  which  was  copied  by  water;  there 
ring  and  burner.  Ethanol  having  its 
the  burner  had  a  v  of  5.?  mm/min  with-^ 
with  it .  The  only  reason  fpr  the 
ring  prevented  heat  from  reaching  the 


Also,  y  is  much  dependent  on  X&,  for  thq  area  of  wall  heated 
by  the  flame  increases  with  )>&,  and  utth  it  the  Ipss  pf  heat  to 
the  surro^undings .,  The  relative  cpntributiQn  of  the  heat  from  the 
wall  decreases  as  d  increases,  so  the  effect  of  )^%  becomes 
smaller . 

Formula  (2.45)  shows  that  v  increases  if  the  radiation  from 
the  flame  becomes  mpre  important,  so  a  liquid  giving  a  luminpus 
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iPabl©  2.19 
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:  Q  : 
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itd  f  Mm 

4* 

6  7,7 

9.4 

12 

15,1 

: 

^:2  46.3 

n 

2 

12 

m 

12  1 

3 

i 

d.  Mm 
m-  lO* 

wi  4 

1’^ 

■ 

3fi 

3 

3»2 

8 

7.0  10,2  1 
9  9  1 

5i5  20,7  30 
iO  9  8 

*0 

flame  should  burn  more  rapidly  than  one  with  a  nonluminous  flames 
other  conditions  beinp:  the  same. 

delation  jof  Laminar  Burnittg  Rate  to  Composition 

1.  The  V  for  a  binary  mixture  is  dependent  on  the  composi* 
tion  [4];  Fig.  26  gives  results  for  mix^ 
tures  in  which  ethanol  was  the  first  com¬ 
ponent,  the  second  being  butanol  (curve  1), 
toluene  (curve  2),  or  benzene  (curve  3)- 
Here  g^  is  the  proportion  of  the  second 
component  by  weight.  The  signs  denote 
experiments  with  burners  whose  d  ranged 
from  6,7  to  29  mm.  The  values  are  rela¬ 
tive  to  the  V  for  the  first  component 
(the  origins  of  the  curves  are  not  the 
same).  In  each  case,  the  y  for  the  sec¬ 
ond  component  was  higher.  The  points 
for  the  various  d  all  lie  close  to  a  sin-* 
gle.  v(g3f)  curve.  Curve  1  is  character¬ 
istic  of  nearly  ideal  mixtures,  such  as 
those  between. lower  alcohols;  there  is  a 
monOtonic  rise. 

Curves  2  and  3  relate  to  imperfect 
mixtures;  the  gjj  for  the  azeotropic  mix¬ 
ture  of  toluene  with  ethanol  is  0, 32^  and 
that  for  benzene  with  ethanpl  is  0,68. 

The  inflectioua  on  the  curves  lie  at  the  azeotropie  compositions. 
$xa.f  these  divide  the  region  0  ^  g^  ^  gyg  (which  shows  one 
type  of  variation)  from  the  region  gxa  ^  ®x  ^  ^  (which  shows 


Fig,  23*  Calculation 
of  the  rate  of  lam¬ 
inar  burning  of  a 
liquid . 
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aaotk&r J  i  The  excess’ 6 f  eitheip  cojnpetteht  over  tMt  for  ;gjj^  cen 

be  cohsMered;  as  h  solution  of  that  eomforieht  ih  the  azeOtrObio 
mixture. 

The  effects  can  fee  described'  mathematically,,  for  affects 
the  radiation  from  the  flame  and  also  %•  Simfie  Galculations 
give 

u,m 

in  which  f  is  the  density  of  the  liOuid  and  a  and  P  are  coHatants 
for  a  given  pair  of  liquids  if  d  is  constant;  '(2ihfe)  fits  the 
results  of  Figi  26  quite  well. 

2.  f4ixture'S  of  oil  produots  give  some  interesting  results. 
The  following  figures  fh1  for  v  (in  mm/min)  relate  to  aviation  ' 
spirit  used  in  glass  burners  Of  diameters  22  and  2%. '4  mm: 

Volume  conCn. ; 

Benzine  +■  kerosene  (24.4) 

+  solar  oil  (22) 

"  transformer  oil  '(24.4) 

Here  the  volume  concentratiGns  are  10OW2/(w-j  *  wg)  ,  in  Which  vg 
is  the  volume  of  the  second 
component.  The  v  after  3“4 
min  has  been  used  if  v  varies 
with  burning  time.  There  is  a 
regular  fail  in  V  as  the  pro* 
portion  of  benzine  (the  GOmpo-^ 
nent  of  higher  v)  falls. 

Figure  27  gives  results 
for  d  =  24.4  mm  for  these  prO'^ 
ducts;  an  approximate  relation 
is 

V  ^  A-^  Bp, 

in  which  A  and  B  are  functions 
of  d.  (The  densities  of  the 
benzine,  kerosene,  solar  oil, 
and  transformer  oil  were  respec¬ 
tively  0.75i  0*8l,  0»87i  and  Fig.  26.  Relation  of  v  to 

0.88  g/cjrr.)  The  same  trend  composition  for  mixtures, 

in  V  with  has  been  reported 
by  others. 

It  is  sometimes  supposed  that  this  trend  is  a  result  of  vari- 
atipn  in  the  .calorific  value  Q,  but  this  is  not  so,  for  the  v  for 


0 

25 

50 

75  too 

.6 

R 

2.4 

2.3 

2.t  1.9 

•  0 
.6 

c  •  D 
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1  •  /  t  •  y 

1.4  1.2 
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oil  products  range  from 
1#5  to  mm/rbift  [6];, 
while  the  corrieapondihg 
Q  range  from  i?0,5  to 
il iG  keal/kg  (a  factor  3 
as  against  a  change  of 
3%) i  so  Q  eannbt  fee  the 
decisive  factor i  The  Q 
for  the  above  oil  pro¬ 
ducts  are  "virtually  ideh- 
tical.  A  more  likely 
assumption  is  that  the 
fail  in  V  is  Gaused  fey  an 
increase  in  (the 
amdunt  of  he at  needed  to 
evaporate  1  g  Starting  from  the  cdld  liquid);  now  the  fediling 
point  increases  regularly  with  p  (althdugh  the  latent  heat  of 
evapdratidn  d  falls  somewhat)^  and  so  ihcreaSes  with  p. 


Table  1,20 


i  P.  3/^* 

i  "Q  \ 

:  ci»i'  1 

'  ca) 

; 

e9*>i0“* 

0;i7i  : 

■;! 

;  100  i 

70 

i04 

73 

i  .  i  .  .1 

oM 

!  180  • 

'  57- 

129 

73 

ell  .  .  .  . 

1 

!  Oi  SS  : 

'  230  ? 

52 

148 

74 

Table  2 •20  gives  approximate  %oi  the  q  are  from  [19 and  the 
specif ie  heats  of  all  are  0,45.  Were  is  the  surface  tempers’'^ 
ture  of  the  burning  liquid.  V/e.  see  that  q^  changes  by  40^  when 
,p  changes  from  0.73  to  0.89  g/cm*^  (by  0,16  g/cm3).  The  v  show 
mucb  the  same  range,  and  so  the  product  yq^  should  be  GOnstant, 
as  the  above  assumption  Would  imply.  This  is  actually  so. 

3,  Interest  also  attaches  to  mixtures  in  which  one  comporient 
is  incombustible;  v;e  have  done  tests  in  whieh  ethanol  was  used 
with  water  and  CCli|,  benzine  with  CCl^,  and  benzene  and  kerosene 
with  water,  but  v/e  give  here  only  the  results  for  mutually  soluble 
liquids.  The  ethanpl^water  mixtures  were  used  in  a  burner  with 
d  =  7,7  nim;  here  y  was  constant  if  the  proportion  of  alcohol  was 
over  0.7,  but  mixtures  with  0,62,  0'.45«  and  0.39  parts  of  alcohol 
showed  gradually  decreasing  y.  The  initial  depths  were  50  mm ; 
the  O'. 45  mixture  burned  for  16,5  min,  the  0,39  one  for  14  min,, 
and  a  Q,3Q  one  for  7.5  all  cases  the  residual  liquid 

eontainCd  26?^  of  alcohol.  Drops  of  water  often  appeared  on  the 
outside  of  the  burner  when  the  water- rich  mixtures  were  used. 

The  following  results  are  for  such  mixtures  in  burners  of 


Fig.  27 ♦  Relation  of  v  to  density 
for  oil  products. 
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diameters  and  21'*$ 
and  0.80  'composition®; 
tents  were  takei  as  th< 

mm..'  "!'t'eac 

the  V  for 
D'Se  after  2 

iiy  V  were  reached 
the  tferee  lowest 
rniii: 

for  the 
alcohol  eon- 

/, 

Vf«.  (d  == 

B*  iMM/min  .  i-  i  . 
%,  m  i  .  .  .  .  .  i 

7*  7  JU»)  0  *  96 

*  *  .  .  4,6 

*  *  ,  .  24 

0^92  0;80  0*62 

3^0 

m  la 

445  6.39 

2.2  1,9 

5 

Ut.  port »  (d  = 

Bi  MMti^  ;  i  i  . 

21.9  MM)  0^ 
,  .  .  .  2.0 

6*65  473  6^54 

1*5  0^,2  iiO 

6.45 

0i6 

TYie  vaJpor  differed  iittie  ifrdm  far  tfee  Silaokal^ 

rich  mixtures  i  but  th;<&  differeriGe  was  very  great  far  the  others 
(Fig*  %&)  f  so  the  suTfaoe  layers  beoamo  very  inuoh  depleted ;  the 
dehisity  iriGreased,  and  the  layef  sank^  The  stirrihg  Gaus^d  the 
composition  to  altOrt  no  stirring  was  observablo  for  mixtures  * 
containing  over  70%  of  aicofeoly  beGause  the  change^  in  composition 
v/ere  slights  Here  v  fails  contiMously  with  because 
increases  so  the  flame  temperature  falls  ^ 

Ethanol-^GCl4  mixtures  showed  an  unusual  effeot^  whiok  the 
foiiowihg  results  illustrate: 


9ii0  m<  ...  . 

.  .  6  6.22 

6,40 

45£ 

>  0,61 

0,65  0*67 

6*69 

o.ra 

* 

\  jiijk/  iHiH  . 

.  .  4.3  4.3 

4.3 

4.4 

4.3 

4,4  3.6 

3.6 

0 

16  MM  tg^  ...  , 

.  .  0  0,46 

0.57 

0*67 

oji 

6,75 

|B,jm/<i«»K  . 

.  .  2.5  2,9 

41 

•3.4 

0 

0 

(gx  is  for 

QCli^y.  flere 

y  is  eons tan t 

or 

even 

iilereases 

up 

to  g^ 

of  0.65  or  0.67;  then  there  is  a  rapid  fall,,  and  the  mixture 
with  gx  =  0«72  will  not  ignite.  Mxtures  near  this  composition 
were  also  difficult  to  ignite. 

This  behayipr  of  y  for  low  g^  is  caused  by  variation  in  the 
emissivity  of  the  flame;  pure  alcohol  gave  a  flame  of  very  low 
luminosity,  whereas  the  luminosity  increased  rapidly  with  g^. 
Soot  was  produced  for  >0*55^  These  tests  illustrate  the 
impor tanc e  of  radiative  t rans f er • 

The  foilpwinf  results  are  for  benzine  mixed  with  6Cli^  ib 
burners  with  d  =9  «m: 

,  .  .  ,  .  0  Qi23  0,41  Oi40  0,56  0,62  0i64  0.68  0,73 

B,  ml  ^9  ,  ,  •  7,2  7,1  6*0  5.4  4,0  2,7  2,6  0  0 

Here  v  falls  as  inoreases,  expeeially  at  the  higher  g^; 
the  mixture  does  not  burn  away  eompletely  even  when  gx  is  small. 
The  higher  gxi  t-he  more  difficult  the  mixture  was  to  ignite; 
much  soot  was  deposited*.  The  CClij  does  not  increase  the  number 
of  radiating  particles,  but  it  increases  q,,,  and  so  lowers  the 
temperature  of  the  flame. 
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Suspended  waten 
feas  an  in teres ting 
effeet  ©n  v;  oil  pro¬ 
ducts  such  as  benzine, j 
kero'sene^  and  mazut 
(heavy  fuel  oil)  are  Of 
interest  herei.  Figure 
M  16]  shows  the 
effects  of  water  on  the 
buming  of  mazut  (the 
liquid  was  not  kept 
topped  up ) .  f he  ini¬ 

tial  V  is  very  loWi  but 
after  a  delay  it 
increases  sharply  to  a 
fixed  value  ^  The 
delay  is  the  longer  the 
greater  the  water  con¬ 
tent  %  Direet- 
distillatton  mazUt  will 
burn  only  if  the  water  content  is  less  than  Q,%^Qi7%v  while  emul¬ 
sion  crude  will  burn  with  Up  to  10%  f20|.  The  suspended  water 
retards  the  heating;  it  also  affects  the  temperature  at  the  sur¬ 
face  and  in  the  bulk  £203.  The  effect  On  v  is  ascribed  to  the 
heat  lost  by  evaporation  ,  hut  the  process  is  actually  rather 
complicated,  and  evaporation  is  only  one  aspect.  The  surface 
temperature  and  the  dilution  of  the  vapor  by  the  steam  are  also 
important.  The  drying  is  proionged,  beGaUse  convection  currents 
are  present • 

Effects  ef  Oxygen  Concentration  on  the  Burning  Rate 

Very  little  is  known  here,  and  such  information  as  we  have 
is  largely  qualitative.  Some  results  1^21  are  as  follows. 

©iegel  oil  and  benzine  were  burned  in  an  atmosphere  whose  oxygen 
Goncentration  Cq  differed  from  that  of  air  (Fig.  29).  Fere  B  is 
a  Gylindrical  stainless-steel  burner  (d  -  4?  mm),  S  is  a  metal 
eylinder,  0  is  a  glass  observatiGn  port,  F  is  a  burette  carrying 
the  fuel,  G  is  a  container  for  mixing  the  incoming  gases,  T  is  a 
thermocouple,  and  A  is  a  galvanometer. 

The  air,  oxygen,  and  nitrogen  pass  through  rheometers  into  G 
and  then  through  a  layer  of  small  stojaes  at  the  bottom  of  S, 

The  flow  rate  was  53  l/min  in  all  cases.  The  gas  was  analyzed 
to  ensure  that  co  was  as  calculated  from  the  rheometer  readings 
and  v/as  the  same  at  all  points  in  S.  Figures  JO  and  31  show 
results,  in  which  is  the  surface  temperature  and  Cg  is  in  %. 

Glearly,  y  increases  with  Cg;  the  liquidis  will  not  burn  if  Cg  is 
leas  than  15%.  Further,  #  increases  with  Cp,  especially  near 
the  lower  limit;  much  soot  is  produced,  and  the  liquid  starts  to 
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bail,  if  C5,  >  21%.  fbese  effeeis  are  caused  bjf  the  increase  in 
the  temperature  and  emissivity  of  the  flaffle. 

Effects  of ,  Mr  on  the  Burnini;:  of  .Liquids  in  Tanks 

It  has  long  been  knawn  that  the  burning  rate  for  an  ail  pro¬ 
duct  in  a  tank  is  goir- 
ernedi  hy  the  wind  Speed. 

O If  Blinov  and 
Khudyakov  made  the  first 
systematic  measurement s 
[16 J  on  steel  tanks  of 
diameters  150,  JOO,  490 1 
and  500  mmj  whose  heights 
were  respeGtively  800, 

1:800,  2O00,  and  400©  mm. 

The  500  mm  tank  was  fit¬ 
ted  with  a  cooling  lacket. 

A  flow  of  air  was 
directed  onto  the  flame; 
this  was  produced  by  a 
large  fan  in  the  Open, 
and  by  the  air  line  in  Mg*  29  •  Apparatus  for  measuring 

the  laboratory.  This  the. rate  of  burning  in  an  atmosphere 

flow  was  usuaily  horizon-  having  a  known  oxygen  Gontent. 

tal,  but  in  some  cases  the 

angle  with  the  Vertical  Was  ?0®  or  109®.  Vertical  screens  were 
used  in  the  open  to  eliminate  the  natural  Wind.  Sometimes  there 
was  a  horizontal  Screen  to  prevent  the  flames  from  touching  the 
Sides  of  the  tank.  This  screen  was  of  stainless  steel  and  had  a 
circular  hole  whose  diameter  equalled  the  outside  diameter  Of  the 
tank.  The  level  of  the  liquid  was  kept  fixed;  the  runs  lasted 
from  2  to  5  hr.  The  fuels  wore  dieSel  oil,  tractor  kerosene, 
and  automobilo  gasoline. 

The  flame  was  vertical  in  the  absence  of  any  wind,  which 
deflected  the  flame  and  caused  it  to  touch  the  sides.  This  was 
the  more  so  the  greater  the  wind  speed  w.  The  area  of  eontact 
with  the  sides  decreased  if  w  was  greater  than  a  cTitical  speed 
Wc»  while  the  flame  was  blown  put  at  very  high  speeds. 

Figures  32  and  33  show  that  v  increases  with  w  and  tends  to  a 
limit  Vpp,,  though  maaut  shows  very  little  effect  for  w  between  0 
and  2.8  m/sec..  The  results  fit 

V  —  Oq  (% ?>■«)( t  —  ( 2 , 47 ) 

in  which  Vq  is  v  for  w  =  0  and  B  is  a  acale  factor.  The  lines 
have  been  drawn  in  aceordanGe  with  ('2,47)  . 
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2. 


We  6an  put  (2.4?)  in  another  ferlih  if  we  put  u  = 


Jig.  30.  Relation  of  v  to 
Cp;  i)  diesel  oil;  2)  ben¬ 
zine  . 


Jig.  |i .  Relation  ©f  sur¬ 
face  teifiperature  to  op  for 
1)  diesel  pii|  2)  benzine. 


'Fig.  32,  Relation  of  v  to 
wind  speed:  1)  tract or 
kerosene,  d  =  300  ww,  2) 
the  saine,  d  =  490  fflffl,  3) 
diesel  oil,  d  =  490  mm. 


V:  MM/mi* 


Fig.  35.  Relation  of  v  to 
w  for  d  -  130  cm:  I)  mazut? 
2)  diesel  oil;  3)  benzine. 
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If  $w  f , 

(I  --  i = (ttoo  ^  i  N  = 

in  which 

V  i=  (fl  o6  ^  I  )  I . 

This  *i  is  a  measure  of  the  initial,  rate  of  increase  of  u  with  Wi 

The  experiments  were  worked  up  to  yield  Vq^  .P^  and  *5 
'(Table  2*21)  ;  the  values  for  the  tank  150  mm  in  diameter  were 
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=  0V98* 

1,95 

fA»«ray 

300 
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Oslo 

0|33 
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2,0 

3,9 

OviO 

0,29 

150 

f,-4 

:  4,5.  1 

;  !,85 

0,65 

!  1300 

3,91 

0,14 

not  very  exact,  for  here  the  rang'e  in  w  was  small.  The  range  of 
u^  in  these  tests  was  5.0  to  ^.5i  with  a  mean  of  5.9;  the '>  for 
diesel  oil  and  benzine  fit  a  single  curve,  which  reflects  the  gen¬ 
eral  behavior  of  "iCd)  for  oil  products,  for  S)  at  first  falls  rap¬ 
idly,  then  slowly,  and  is  about  0,1  sec/m  for  d  =  1300  mm.  The 
V  for  these  three  fuels  increase  Only  by  50-409^  when  w  increases 
from  0  to  3.m/sec  for  d  if,  1300  nun,  while  v.  for  mazut  does  not 
alter  at  all, 

It  is  impossible  for  y  to  increase  indefinitely  with  w,  for 
the  flame  is  blown  out  for  w  >  wc;  the  Wg  for  tractor  kerosene 
in  a  300  mm  tank  is  slightly  above  22  m/see,  whereas  that  for  this 
kerosene  in  a  490  mm  tank  is  not  renehed  at  26  m./aec* 

The  results  for  the  150  mm  tank  show  that  v  is  dependent  on 
the  wind  direction  as  well  as  on  the  size  of  w;  Table  2,22  shows 
that  (v  -  Vq)  inci'eases  with  a  (the  angle  between  the  wind  diree- 
tion  and  the  vertical).  Further,  the  horizontal  screen  produces 
a  certain  reduction  in  v. 


1*0.7 


Table  2.22 
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Valuable  results  were  obtained  with  the  $06  fam  tank^  which 
was  cooled  by  a  water  jacket!  the  v  for  tractor  kerosene  at  ntod- 
erate  wind  speeds  was  2.1  rm/mi.n  with  the  cooler  working;  but  3.3 
mm/min  with  it  inoperative.  In  the  first  case,,  the  kerosene 
absorbed  $0  fccal/min,  and  in  the  second  1:20  kcal/niin;  the  f lowing 
water  removed  about  60  kcai/»ih. 

The  cause  of  the  relation  of  v  to  w  is  that  the  wind  tends 
to  inGrease  the  flow  of  heat  from  the  flame  to  the  lifuid;  any 
faetor  that  does  this  must  tend  to  increase  V.  The  above  results 

may  be  analyzed  as  follows.  The  radiation  from  the  flame  and  the 
flow  of  heat  through  the  wall  both  tend  to  inGrease  with  w  and  so 
tend  to  raiae  v.  The  following  figures  t3|  illustrate  the  effect 
of  w  on  flame  temperature  for  benzine  in  a  4366  mm  tank: 

W,  m/sec  6  6.8  1.6  2.1 

T,  ®C  1126  1126  11 86  1196 

Here  the  (natural)  wind  raised  the  tenperature  by  when 
its  speed  rose  from  0  to  2  m/sec;  this  is  equivalent  to  an 
•increase  of  about  20%  in  the  radiation  flux,  and  So  it  must  imply 
an  inGrease  in  v. 

The  other  iinportant  source  is  the  flow  of  heat  through  the 
wall,  which  can  be  large,  as  the  following  argument  shows.  The 
equation  of  hoat  flov/  here  is 

qi  ~  adds, 

in  which  a  is  the  heat-tnansfer  factor,  is  the  difference  of 
temperature  as  between  liquid  and  wall,  and  s  is  the  area  of  the 
wall.  For  convective  transfer  [l8] 


c  (Ra)!*. 

in  which  Nu  is  Kusselt's  number  and  Ra  is 


(2.49) 

-s  criterion: 

(2.  $6) 


ifi  wfiicfe  c,  «j:,  igi  a®a  X  have  t&e-ir  lisual  meanings, >  p'  is  the 
iheTmal  expansion  coefficient,  I  is  the  iength  of  heated  wail, 
and  b  is  the  convection  modulus,  whieh  is  of  the  onder  of  ten 
■thousand  for  these  oil  products i 

Experiment  gives  for  benzine  that  =  2(5“  for  I  -  iO  cm,  SO 
Ea  =  to";  the  c  Of  (2,49)  may  be  taken  as  0.135,  and  n  =  1/3 
118],  If  oniy  a  quarter  of  the  wall  is  heated,,  we  have,  for 
R  =  25  cm,  that 

(fi  ==  250  ml  -  040  ^ 

The  Vq  for  this  case  is  3»5  mm/min,  so 

(ji  ==  1000  <«(/{<£  . 

Thus  the  heating  of  the  wall  by  the  flame  makes  a  malor  GOntribu- 
tion  to  the  heat  flow  and  thus. to  v;  moreover,  increases  with 
because  fit#  inGreases,  The  relative  importance  Of  decreases 
as  R  increases ,  which  in  part  explains  why  -J  decreases  as  d 
increases . 

These  arguments  also  explain  why  v  for  mazUt  is  independent 
of  w  between  0  and  2.8  m/sec;  Ra  is  dependent  on  as  (2,50) 
shows,  and  *)  for  mazUt  is  many  times  that  for  benzine,  so  a  (and 
hence  the  heat  flux  from  the  wall)  is  very  much  smaller  for  mazut* 

The  V  for  benzine  and  kerosene  also  show  a  regular  trend 
with  w  for  a  quartz  burner  30  mm  in  diameter;  (2.47)  applies. 

The  flame  is  very  much  deflected;  the  temperature  rises,  and  the 
radiation  becomes  much  more  intense.  Ethanol  shows  no  variation 
of  V  with  w  for  this  same  burner,  because  its  flame  is  of  low 
luminosity . 

Rate  of  Burning  as  a  Function  of  Level  in  Tank 

The  level  h  (distance  from  the  edge)  affects  not  only  v  but 
alsp  sometimes  the  mode  Of  burnina:  as  well.  Tables  2,23  and  2.24 
give  some  results,  which  show  that  v  decreases  as  h  increases,  the 
flame  going  out  at  a  Certain  h,  which  we  denote  by  z^.  The  flame 
is  laminar  for  all  h  if  d  is  small,  and  there  are  no  oscillations; 
the  flame  stays  at  the  top  of  the  burner,  which  it  does  not  enter 
as  the  level  falls.  The  pulsations  set  in  as  d  increases,  but 
they  stop  if  h  hg,  in  which  h^  is  a  critical  value.  The  base 
of  the  flame  always  lies  above  the  edge  pf  the  burner.  The  puls¬ 
ations  persist  as  d  increases  further,  but  the  flame  starts  to 
enter  the  burner  when  h  becomes  large.  The  larger  d,  the  sooner 
t'he  f  Jaime  enters. 

The  surface  temperature  at  first  stays  almost,  constant  as 
h  increases,  as  Fig.  34  shovts  for  benzine,  ethanol,  and  butan?’^  ih 
burners  of  diameters  11  and  23  mm.  The  behavior  of  i^s(4)  and 


109 


.  vCto)  s^rvs  4o  ex^ain  tftis;  Figi  35  tfeese  curves  for  feen-- 

zile.i  Here  v  falls  Gi'Ofltitoc^usly^  altfeo^ugfe  ^  at  first  is  con- 
staat.^  feecau^Se  the  greater  distance  implies  a  Idv/er  donGentratiaa 
gradient^  sd  t'he  rate  df  arrival  of  fnei  is  io^er,  lalti- 

matelj  affeets  q,  whidfe  in  its  turn  redu-ces  the  gradient  and  so 
reduces  v  furtfeer. 

Figure  36  shows  a  selectidn  of  the  results  far  diesel  oil  in 
tanks  o  f  diame  t  ers  307  ,,  5D©'^  and  inm  (  chanp;e  in  le  v  el  as  a 

furiGtidn  of  burning  timeK  The  burning  ceases  when  the  appropri¬ 
ate  Zq.  is  reached*  Here  the  flame  enters  the  tank,  arid  is 
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largely  contained  within  the  tank  when  h  is  large..  The  results 
for  h  as  a  function  of  t  fit  the  relation 

h  =  (?.5i) 

in  wiicfe  n  varies  froin  0.5'3»  to  0-.75.  Some  values;  of  n  are  as 
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follows: 

d  ^  mm  80  30?  500  950 

AutoiSO'bi-le  benzine  0'<70  0»60  '0'.'55  0.62 

Tractor  kerOse-ne  0i?5  0'.?2  .  0.6?  - 

Figure  37  shows  Zq  as  a  function  of  d  (Khudyakov) ^  both 
being  hepe  in  mm.  Thf;  results  for  d  <  5©  mm  fit 


and  those  for  d  50  mm 


?6  = 


O,05$di‘7 


Fig.  phf  Relation  of  to 
change  in  level:  ©  and  x, 
benzine;  £:>  ,  ethanol;  + 
and  ©,  butanol;  1)  d  = 

25  mm;  2)  d  =  11  mm. 


Fig.  35*  Relation  of  to  v 
and  h  for  benzine  in  burners 
of  d:  1)  23  mm;  2)  11  mm. 


Further,  a  is  dependent  on  the  nature  of  the  liquid  for  small  d, 
so  Zq  varies  with  the  liquid  for  a  given  d,  All  the  Zq  lie  on  a 
common  curve  if  d  ;>  50  mm,  so  the  nature  of  the  liquid  is  unim-^ 
portsnt . 

This  behavior  of  Zo(d)  reflects  differenees  in  the  processes. 
The  flame  enters  a  wide  vessel  freely,  and  the  burning  always 
occurs  not  far  from  the  free  surface;  it  lies  above  the  edge  and 
enters  somewhat  only  at  the  very  end  if  d  is  small,  Gonvection 
is  responsible  for  bringing  in  the  oxjgen  in  a  wide  vessel  near 
the  limiting  h. 

The  Zq  for  wide  vessels  are  very  large,  and  the  flame  does 
not  go  out  in  a  real  vessel  if  (2.53^  applies.  For  example. 
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Fig.  36 

1)  d  = 

2)  d  = 

3)  d  = 


•  Change  in  leveJ.  of  diesel  oil  as  a  funGtion  of  time 
307  mm,  H  =  l800  mm,  extinction  at  v  =  0.25  mm/min; 

500  »m,  H  =  3000  mnii  extinction  at  v  =  0.53  mm/min; 

950  mm,  H  =  5800  mm,;  extinction  at  v  =  0.33  mm/min. 


Experiinehts  £22 J  6M  this  were  performed  with  sets  of  coaxial 
cylinders  having 
their  top  ddges  in 
a  GomiHon  plane 
The  cylinders  were 
filled  with  the 
lifuidj  and  each 
was  coupled  to  its 
owri  hur  e  1 1  e  ;  t  he 
levels  were  kept  at 
the  top  edge  through'^ 
out  the  experimeht 4 
One  set  of  experi¬ 
ments  was  done  with 
a  quartz  outer  tube 
(d  =  30  mm)  within 
which  Was  a  glass 
tube  id  =  1?  mrr:); 
others  were  done 
with  tanks  300  and 
800  mm  in  diameter 
wit h  four  sec t ions 
each  [22]? 

Figure  38 
gives  results  for 
benzine  from  the 
first  apparatus; 
the  circles  relate 
to  the  annulus, 

and  the  crosses  to  37 •  delation  of  Zq  to  d  for  various 

the  inner  tube.  fuels:  l)  automcbile  benzine;  2)  tractor 

The  rate  of  burn^  kerosene;  >)  illuminating  kerosene;  k) 

ing  at  the  peri-  transformer  oil;  5)  solar  oil.;  6)  diesel 

phery  is  clearly  oil. 

much  higher,  The 

fpllowing  V  v/ere  also  recorded  with  this  double  burner: 


Liquid 

Edge 

Center 

Benzine 

3.^ 

1.2 

Kerosene 

1.7 

0.7 

Benzine  +  water 

3.2 

The  edge  v  is  about  three  times  the  central  v,  so  the  heat 
flux  at  the  edge  must  he  much  higher;  this  is  not  unexpected,  for 
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‘t%  is  cauaed  by  tfee  bas^  of  flame,. 
which  lies  h'@ar  the  edgSi 


cases^  water  was  rlac^d 
tube^  and  benzi^.  'cir 

The  V  for 


In  some 
in  the  inher 

kerosene)  in  the  annulus ^ 
t  he  ben7.ihe  was  rednGed  ,  In 
of  kerosene ,  the  water  in  the 
tube  boiled  over  and 
kerosene.  These  results  are 
one  might  expect  and  need  no 
;ioni 


tile  case 
inner 
the 
mucto  as 


ing  for 
central 


areas; 


Tabie  4  gives  results  from  the 
tanhSj  in  which  1  denote s  the  central 
sectibn  and  4  the  outermost  onei 
Here  there  is  little  variation 
between  sections  *  the  highest  v  being 
at  the  center j  there  being  a  fall 
towards  the  wall  followed  by  a  rise  at 
the  Oonditions  Of  heat  transfer  were  different  ffom  those 


and  ' 
(mm/minl' 


1)  5*3 1  2)  1*1 


the  wall  itself. 


Here 
in  the 


fable  2*25 


Liquid 

Sc&lrioiit 

Cm|i'  y  • 

dp  mm 

. 

i  ■ 

2  : 

:  3' 

4 

Benzene. 

300  1 

\  3,6 

’  3/5; 

: 

3.2 

4,4 

Gasoline  • • 

300  ^ 

:  4, a: 

3.9 

!  3,5; 

4,3 

Tractor  kefOsene- 

300 

2,6 

2,2 

'  1,9 

2,0 

•  •  •  •  •  ••• 

800 

;  2,8  i 

2,3 

2,.5 

2,7 

Piesel  oil 

800 

3,8 

2,0 

2,7 

2,8 

small  burner,  for  flames  in  tanks  of  diameters  50G  and  8O0  nun  are 
turbulent.  The  ratio  of  circumference  to  area  is  also  much 
smaller,  so  the  heat  flowing  in  from  the  edge  was  of  minor  import*^ 
anee.  This  explains  the  major  change  in  the  pattern  of  burning 
rates. 
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Temperature  Distribution  in  a  Burning  Liquid 

The  temperature  distrihutiou  has  seme  special  features;  it 
plays  a  very  important  part  in  extinction.^,  and  there  are  many  pa^ 
pens  on  it  £1-15]*  A  single  adjustable  thermocouple  is  Commonly 
used  with  narrow  burners;  a  series  of  fixed  couples  may  be  used 
in  wider  vessels.  The  level  is  sometimes  kept  constant  by  feed¬ 
ing  in  fresh  fuel  at  the  bottom;;  replenishment  was  not  used  by 
Hall*  Burgoyne,  or  Pavlov*  and  the  1^  . /I  ehanged  continuously 
throughout  the  process < 

Surface  Temperature  of 
a  Burning  Liquid 

The  surface  teffiperature 
rises  rapidly  when  the  liquid 
is  ignited;  it  tends  to  a  de¬ 
finite  limit  for  a  pure  liquid 
and  for  certain  mixtures. 

There  is  usually  a  slow  rise  in 
after  the  first  rapid  rise 
in  the  case  of  a  mixture  (Figi 
3#)*  Ethanol  very  rapidly 
reaches  a  Steady  temperature; 
sblar  oil  shows  a  very  slow 
subsequent  risej  while  benzine 
iuixed  With  solar  oil  shows  a 
very  rapid  rise  that  is  follow>- 
ed  by  a  fairly  slow  approach 
to  the  value  for  solar  oil. 

Table  2.26  lists  the  limiting 
for  various  liquids  in  bur¬ 
ners  of  various  materials  and 
diameters,  and  also  gives  the 
boiling  points  which  are 
somewhat  above  •  This  oc¬ 
curs  because  the  surface  is 
eovered  by  a  layer  of  the  satu¬ 
rated  vapor,  whose  pressure  ic  is  governed  by  which  cannot  ex-- 
ceed  the  for  the  existing  atmospheric  pressure  p^;  any  such 
excess  would  cause  rt  to  exceed  p^,  euid  so  the  Vapor  would  be  push¬ 
ed  away  rapidly.  The  resulting  rapid  boiling  would  soon  cool 
the  liquid. 

Table  2,27  gives  for  some  binary  mixtures  of  combustible 
liquids  [63;  the  burners  were  of  glass,  and  the  first  component 
was  ethanol.  Here  g^  is  the  proportion  of  the  seGond  component 
by  weight  and  is  the  initial  boiling  point  of  the  mixture. 

The  limiting  are  below  except  in  the  case  of  ispamyl  aleo- 
hol.  We  have  seen  above  that  gj^  tends  to  change  as  combustion 
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Fig.  39 •  Surface  tempe¬ 
rature  as  a  funetion  Of 
time:  1)  ethanol,  d  = 
2,7  mm;  2)  benzine  + 
solar  oil,  d  =  30 
3)  solar  oil*  d  =  30  mm. 
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proeeeds,;  iri  fact»  the  top  layer  ip  the  mixtures  cOntainiag  iso- 
amyi  alcohol  hecame  ehriched  to  =  d»86i  mhereas^  the  propanol 
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*C  =  glass;  A  =  aluminum;  K  =  quartz 

mixture  with  g^  =  0.50  initially  gave  a  top  layer  with  g^  =  0*68 
(0.85  iu  the  case  of  the  mixture  initially  Of  g^  0.74).  Table 
2.27  also  lists  t^V  the  actual  boiling  points  of  these  surface 
lay^ers;  we  see  that 


Table  2.27 
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These  results  enable  us  to  estimate  the  surface  temperature 
during  buyaihg  from  the  composition  of  the  surface  layer.  Some 
measurefflents  have  been  made  on  x/g  for  oil  products  burning  in 
tanks  C2»4»6’!*8»113;  Table  2.28  gives  mean  surface  temperatures 
for  some  18];.  Here  ^  is  the  initial  density*  initial 

boiling  point  during  distillation,  and  c  is  the  proportion  distil-s 
ling  off  up  to  the  temperature  shown  in  parentheses.  The  values 


of  fencloeied  in  parentheses  relate  to  Gases  in  which  a  homo-^ 
thermal  layer  appeared*,  fable  2.29  lo  from  C73. 

fable  2.28 
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Httvy 

1  iOi 

;  ^  : 

—  ': 
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;  • 

' 

■  ^  : 

!(530) 

Oii 
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fable  2.29 


• 

a  ,  "€ 

c,% 

d,  CM 

HI 

;  140  1  260 

• 

AiytbiKtfVilc  btnvinf  ....... 

G;,76 

50 

30  (100) 

100 

Bcbt  crif^O  ....... 

0,88 

179  : 

37(305) 

320 

!  340 

330 

K^rikc.Ku.kh!M,f  cfudO.  •......, 

0,89  : 

;  184  i 

;30  (290) 

350 

350 

230 

Ai^ttmovd  c***^^^  . . 

•  : 

200 

dtl  ........ 

>  0,94 

0V73 

ii 

1 

:  36 

36 

36 

'  36  j 

40 

Khudyakoy's  results  [4]  for  a  quartz  burner  of  diameter  lOb 
sun  are  as  below: 


liquid 

EEEI 

m 

m^^^^niiiii 

JJBBM 

4 

Benzine 

Kerosene 

Paraffin  oil 
franSfprmer  oil 

0.73 

0.81 

0.87 

0.88 

108 
;  220 
;  287 
293 

VM-4  oil 
Qlycerol 
;  MS  oil 

0.S9  ; 
1.25  ^ 
0*89 

347 

239 

392 

12© 


These  reSuiifes  sh^w  thst  t|  foj*  benziae  is  90“ilG'*  i  for  tirac* 
tor  kerosene  if0^2:00‘-j  for  iilaninating  keros  eae  23'0-2io*i  for 
diesel  oil  230-i4O*  f  for  solar  Oil  2SO-3%Q* «  for  tratns former  oil 
290--3%0*i  and  for  erude  petroleum  l3G>-350*i  These  are  always 
ahove  the  surfaGe  layers  are  depleted  Of  volatile  fractioas. 

HoreOver*  the  for  a  ;^vea  product  vary  from  one  tank  size  to 
another;  .  for  example,,  the  for  s,s.iifcine  and  Grude  for  d  =  130 
Gm  and  260  cm  are  lower  than  those  for  d  <■  150  cmi  In  parti¬ 
cular.  Artemovo  crude  has  a  for  a  260  cm  tank  some  120’*  helow 


the  z^  for  small  tanks. 


Fig.  40,  SurfaGe  tempe¬ 
rature  in  relation  to  the 
rate  of  increase  in  the 
depth  of  the  homothermal 
layer  for  crude  petroleum, 

which  the  line  eorresponds  to 


The  homo the rmal  layers 
Which  shows  vigorous  GonveC- 
tioni  is  responsible  for  these 
effects;  its  thdckness  in¬ 
creases  as  time  passes  i  and' 
the  greater  the  rate  of  in¬ 
crease  u,  the  lower  tfg,  be- 
cause  fresh  cold  liqOid  is  in¬ 
troduced.  This  layer  is  ab>^ 
sent  if  d  <  130  cm;,  which  ex^ 
plains  the  of  Table  2.27; 
the  u  for  Artemoyo  crude  are 
3.1  mm/min  (d  =  SO  cm) ,  3.2 
(d  =  140  cm),  and  6.5  (d  = 

260  cm). 

Experiaents  with  emulsi¬ 
fied  crude  IfJ  GOnfirm  this; 
pf  and  u  were  found  to  be  very 
much  dependent  on  the  water 
content.  Figure  4Q'  shows 
the  relation  of  to  u,  in 


(2.54) 


This  equation  may  be  deduced  as  follows. 

Let  q  be  the  heat  received  from  the  flame,  q'  the  heat  lost 
to  the  surrounds,  qQ  be  the  latent  heat  pf  evaporation,  the 
initial  temperature,  c  the  specific  heat,  and  s  the  free  surf ace 
area.  Now 


f  ==  +  Gs,p</o  +  «scp  (d*  —  to). 

We  assume  that  v,  q;^,  and  q  are  not  affected  by  slight  changes  Of 
water  content,,  in  which  case  (2.54)  is  found  directly.  A  fuller 
treatment  of  the  relation  of  to  u  is  to  be  found  in  1243. 
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Although  tho  homothOrmal  laytr  reduees  ,  it  does  not  aff* 
eot  V,  whieh  may  even  increase  sOmevrhati  the  reason  is  that  the 
homotheraial  layef  oontains  a  higher  proportion  of  the  Volatile 
fraction  V  so  the  flow  of  vapor  remains  iadequate  in  spite  of  the 
lower  The  following  calGulation  illustrates  this. 

The  Oil  product  may  be  assumed  to  be  represented  roughly  by 
a  binary  system  of  mutually  soluble  components*  one  much  more 
volatile  than  the  other;  to  these  we  apply  (2*41) »  which  gives 
us  that 

Sl/~  goix  -p  (gOiX  —  gx)  <jp  —  ^ , 

in  which  u  and  v  are  as  usual.  Thus  gy  is  essentiaily  dependent 
on  as  is  gx;  gy  =  if  /=  0,  and'' g,^  =  Sex  <Sy 

would  be  infinite  In  the  latter  case  if  this  were  not  so,  where-* 
as  the  limiting  gy  is  IK 

The  following  detaLled  example  illustfates  the  variations 
in  gy  and  ^  with  We  assume  that  the  mixture  is  ideal;  a 

is  the  ratio  of  the  vapor  pressures  of  the  two  components^*  The 

theory  of  solutions  shows  that,  for  aui  ideal  mixture, 

.  _  ■:ic _ 

gl> 

This  g  is  substituted  into  (2*41)  to  give 

■  (ot  ^  1)  tpg^  4.  [a  +  q)  ^  (a  1)  go.*l  gx  go.*  (<P  +  1)  -  0. 

The  solution  to  this  gives  us  the  gjj  for  the  top  layer*  Let  us 

Suppose  that  0  =  2  and  =  0*5;  the  results  then  are: 


0  0,33  Q,5G 

l.Q  0,4!  0,58 

2.0  0,44  0,61 

4.0  0,46  0,63 

00  0,50  0i67 


We  see  that  g^  and  g^  at  first  increase  rapidly  with  but  the 
rates  of  increase  soon  become  very  low. 

The  slight  variations  in  ^4  conditions  under  which  the 
homothermal  layer  is  absent  are  caused  by  slight  errors  in  the 
positions  of  the  thermooouples,  for  the  temperature  gradients  are 
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very  tL'dighj  it  is  iaj>ossible  to  keep  ttee  thermocouples  always 
exactly  at  the  surface  while  faurhihg  proceed-s,  The  slow  chajige 
ih  is  caused  by  gradual  aiteratloa  in  the  cfompositiott  of  the 
surf  ac  e  layer  * 

The  above  results  show  that  the  surface  temperature  of  a  mix¬ 
ture  is  dependent  on  the  cOmbu'stion  conditions;  it  is  not  a  con¬ 
stant although  it  is  dependent  on  the  composition* 

Horizontal  yariation  in  '  the  Teat erathrie  of  a  Burning  Liquid 

The  temperature  varies  in  any  horizontal  plane  drawn  within 
the  liquid  CSj*  as  the  following  results  show.  Here  t  is  the 
distanoe  from  the  axis  of  the  *  whose  radius  R  is  25  cm: 


m  0 

OM 

0^60 

OiOi  1.0 

Transformer  oil  ....  lee 

171 

217  260 

■Solar  0x1  •  i  •  i  • 

138 

138 

--  270 

Tractor  kerosene'  '  •  •  • 

123 

133 

143  168 

iilghting  kerosene  •  •  • 

113 

— r 

121  168 

The  temperature  rises  towards  the  wallt  where  it  is  highest;  the 
differential  between  axis  and  wall  ranges  up  to  100* *  The  same 
effect  is  Observed^  but  with  smaller  differenceSt  for  d  <  50  cmi 
and  with  larger  differences  for  d  >  50  cm* 

The  following  results  are  for  tractor  jfeerosene  in  a  taidc  260 
cm  in  diameter;  measurements  were  made  at  three  points  (1,  2  and 
5)  in  planes  12,  22,  and  50  cm  below  the  edge  Of  the  tank.  The 
points  had  angular  separations  with  respeet  to  the  axis  of  120*: 


z 

12 

22 

50 

k 

149 

74 

33 

168 

141 

41 

Or 

230 

109 

41 

These  figures  show  that  the  wall  temperature  varies  from  point  to 
point  in  any  ^ven  plane*  The  same  pattern  is  found  with  ail 
oil  products  in  tanks  of  diameters  150  and  260  cm. 

These  variations  were  caused  by  the  need  to  operate  in  the 
open  air  with  these  large  tanks,  so  there  was  interference  by  the 
wind,  which  deflected  the  flame  and  caused  the  wail  to.  be  heated 
unevenly.  The  effect  is  seen  whenever  the  wall  is  exposed  to  air 

currents.  These  differences  are  bound  to  cause  convection  within 

the  liquid. 


Temperature  Variations  in  a  Burning  Liquid 

Th'e  temperature  Ulstribution  ±s  establisfaeci  gradiUailyi  as 
Fig..  41  s'frows  for  trahis former  Oilf  t&e  z  beirtg.  the  deptfoe  below 
the  surface  i  In  each  case  there  is  a  rapid  rise  to  a  limit 
which  varies  with  z;  the  time  talten  to  reach  the  limit  in  a  me¬ 
tal  vessel  is  much  lunger  than  that  for  a  glass  one. 

Mixtures  of  benzine  with  solar  oil  show  a  different  type  of 
curve;  there  is  first  a  very  rapid  rise  in  which  is  followed 
by  a  Slower  rise  (at  the  surface  and  at  some  depth)'  to  a  limit 
corresponding  to  the  initial  composition  of  the  mixture.  Then 
there  is  a  furtiher  rise»  whose  limit  is  Close  to  that  for  solar 
Oil.  The  latter  rise  is  Caused  by  aiteratiOn  in  the  Composition 
of  the  surface  layer ^  and  ®^t)  gives  an  indication  of  the  course 
of  that  alteration. 


Fig.  41.  Relation  of  to 
time  for  transformer  oil; 
z  (mm);  i)  Q;  11).  2;  III) 
5;  iv)  9;  V)  29. 


Fig.  42.  cf  =  f(t)  for  ben.^ 
zine;  z  (mm),:  1)  dO;  2) 

100;  >)°130;  4)  195. 


Kerosene,  diesel  oil,  aaid  solar  oil  show  the  behavior  de.- 
scribed  for  transformer  oil;  so  do  benzine  and  crude  petroleum 
if,  d  is  small,  but  the  fQj.  these  two  for  d  large  are  very 

different,  as  Fig.  42  shows  for  benziue  for  d  =  150  mm.  The 

rise  in  the  layer  near  the  top  is  as  for  transforraer  oil  at  first, 
but  then  there  is  a  fresh  and  very  rapid  rise  to.  .  The  second 
rise  does  not  occur  for  layers  at  some  depth.  The  effect,  of 
this  seeond  rise  is  to  produce  a  layer  of  uniform  te-mpij rature 
(the  bomothermal  layer),  whose  tbiekness  increases  gradually  as 
time  passes. 

This  pattern  of  behavior  was  first  observed  for  crude  petro-. 
leum  by  Hall  Cl];  it  was  afterwahda  exainined  by  Burgoyne  and 
Katan  [2]  and  by  KhuUyakoy  C4]i  and  later  by  iPaVlov  and  Khovanova 


C;7»9“iiJi  Minov  aad  Kliiid'yatfc®v  Ci23U  aad  Biittov  et  ai  |8’3» 
yertdca^  JiP  the-  f  Burning  tiquid 

1»  45  sfhdws  #(z)  f  d'r  tract&r  keroseae  feuraing  stead¬ 

ily  in  a  iresse-l  150  mb  in  diameteri  Fig,*  44  does  the  same  foi* 
butanpl  in  a  glass  burner  56  nfin  in  diameter*  The  tem^rature 
falls  to  the  iftitial  •value  sdthin  a  few  centimeters  of  the  sur¬ 
face.  This  behavior  is  shosn  by  tractor  kerosene  ^  diesel  oil.,, 
solar  Oil*  and  transformer  oil  in  all  vessels,  by  benzine  and 
crude  petroleum  in  small  vessels*  and  by  all  other  mixtures  we 
have  used. 


0 


Fig.  43.  =  f(z)  for 

tractor  kerosene 


Fig.  44.  =  f(z>  for 

butanol 


The  results  can  be  represented  by  the  equation 

d  —  do  -  (d,  —  do)  (2,55) 

in  which  5^g  and  are  as  usual  and  k  is  a  constant.  The  lines 
in  Figs,  43  and  44  have  been  drawn  up  from  (2,55)*  which  fits  the 
results  well;  this  formula  was  proposed  in  1^49  E15]  and  has 
since  been  confirmed  repeatedly  £4*6, 8,123, 

.  Table  2,30  ^ves  some  values  of  k  C4,6J.  Some  fc  for 
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oil  products  burning  in  stOei  tanks 

.^re 

as  follows: 

4»  CM 

8  14,8 

50  60 

130 

m 

Tractor  'kerosenOi 

,•0.38  0.50 

0,71 

0,81  — 

0^ 

Ilium,  kerdsenei  i  < 

0i52  0,52 

i;09 

— 

— 

Transformer  oil  ^ 

.  —  0i40 

0,56 

1,49 

i— 

Biesel  oil  .  . 

.  0.S0  0,56 

^  0,24 

0^08 

0,09 

Solar  oil  >  >  . 

,  0i36  0,46 

0.63 

1  »19  .  - 

-- 

Benzine ‘  ‘  • •  ‘ 

•  — 

0,46 

0^54  — 

— 

,  Grude  petroleUiB 

^0f,47  O  f  . 53 

'‘•rr* 

Table  2*30 


dt  Mm  I 

<d^  MM 

;  k,  CMr^^ 

:  cM/se*. 

f 

c 

36 

■  1 

j  2,4 

1,3  ; 

0,9 

is  1 

•» 

10  ■ 

1 

:  3,0 

3,6  i 

2,6 

vA 

40 

2 

0,075 

1.2  : 

;  27 

1 

M 

io 

1 

0,685 

2,2  , 

43 

C  ' 

36  : 

1 

2.0 

1,6 

1  *  3 

O' 

1  *  ’ 

9.4  : 

1 

3,1 

i  4,2  ; 

■  2,3 

Mf,  \ 

M 

10  ; 

1 

0^075 

2,4 

!  53 

|K 

106  : 

^  ; 

1.5 

1,0 

1.1 

At  ........ 

»*  * 

106  ' 

0.85 

1,3 

1  2.5 

•A.^  .  .  •  • 

106 

1,2  : 

l.D 

1,4 

i 

G 

21 

1 

1.5 

1.3 

1.4 

T  I 

K 

30  ; 

1,6 

1.1 

0,9 

i  1.4 

1 

'  t 

106  ; 

0,8 

0.6 

1,0 

C 

21 

1 

1.7 

2,2 

2,2 

K  . 

K 

30  : 

!.6 

1,3 

1,3 

1.7 

1 

f 

106  i 

1.3 

1,0 

1,4 

6t  ........ 

106  i 

0,3 

2,2 

12 

M, 

106 

'  — 

0,8 

i  0,5 

1.0 

H 

106  ; 

r-r 

1.0 

0,2 

0,3 

4 

106 

1.1 

0,4 

0,6 

*S:  =  ethanoi;.  -  butanel;  Aj,  -  acetone;  Ag  -  amyl 

alcohol;  f  =?  transformer  oil;  K  kerosene; 
benzine;  -  ^-4  oil;  Mg  -  MS  oil;  G  -  glycerol. 

♦^C  =;  glass;  A  =  aTumittum;  M  =  copper;  K  =;  quartz. 
Clearlyi  k  varies  widely.  Moreover,  although  (2.53)  fits  tran.- 


states  as  weil  as  steady  oaeSf  tlie  k  far  t&e  two  types  of 
state  are  not;  the  Siame  (k  is  a  function  Of  titne  for  transient 
statesi  figures  %5  and  #6  show  k  as  funetions  of  t  for  diesei 
oil  and  kerosene  in  tanks  of  diaBieters  130  cm  (open  circles)  and  , 
260  cm  (half-filled  circles)  tl6|* 

3.  furtheri  k  is  dependent  on  d,  on  the  material  of  the 
tank»  and  on  the  wind  speed*  Measurements  £123  have  been  made 
with  tractor  keromene  and  diesel  oil  in  steei  taji^s  whose  d  were 
150,  300*  49O,  and  50G  mm,  and  whose  heists  were  c-orrespondingly 
800,  iSoOf  2000,  and  400  mm*  The  5OO  mm  tank  was  fitted  with  a 
Cooling  jacket  *  Some  use  was  also  made  of  an  asibestos-cement 

taidc  of  outside  diameter  330  ami,  inside  diameter  280  m,  and 


Fig.  45.  Relation  of  k  to  Fig.  46.  Relation  of  k  to 

t  for  diesel  oil.  i  fdr  kerosene. 

height  1200  mm.  Thermocouples  were  fixed  to  the  walls  and  at 
various  points  within  the  liqfuid. 

The  flame  was  exposed  to  an  air  current,  which  was  produced 
hy  a  large  fan  (in  the  open  air)  or  by  the  compressed—air  line 
(in  the  laboratory).  The  sir  currents  were  usually  horizontal, 
but  in  some  cases  they  were  directed  at  70  or  109-  to  the  verti- 
eal.  Vertical  screens  were  used  to  suppress  interference  from 
the  wind  out  of  doors;,  in  some  cases*  the  tank  was  fitted  with 
a  horizontal  screen  to  prevent  the  flame  from  touching  the  sides. 
This  screen  was  a  sheet  of  stainless  steel  having  a  circular  hole 
equal  in  diameter  to  the  outside  dififfleter  of  the  tank;  it  was 
placed  level  with  the  top  edge  of  the  tank,..  The  liquid  level 


127 


was  kept  eonstant  thrsjafhsjit  the  riiiist  whieh  las  tad  2-5  hr  * 

Tables:  2*5;i-2*55  give  the  results  f  here  h^j  is  the  distance 

Table  2*51 


Tracter  Keros  ehe,  d  =  150  mni,  hg  =  10  nun 


M. 

1  Wi  ! 

i  Mli/ic 

fr  aejil 

!  V  ! 

[MM'fmn- 

i  I 

;  %nd«.  ; 

!  ; 

■  i 

•T,  IHiK 

i  ■*■0. 

•  io  : 

i  •O"'  : 

1  -  i 

i  1.1  i 

;  42'  i 

'4J  \ 

!  '42  i 

4 

185 

2,2 

11  ; 

:  1,8  i 

;  m  i 

1  2'.'4  ; 

1  42  i 
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■  27' 

34 

;  180 
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12  : 
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90  i 
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i  42 
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32 

i  180 

5,9 

13 
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96  i 

2  .6  i 

33 

:  m 
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23 
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5,3 

14 

1  , 

2  .6  : 

90  : 

!  3.2 

36 

15  ; 

18  ; 

51 

183  : 

6,5 

15 

1.8 

!  109  ! 

:  4 .3 

42  ' 

17 

:  17  i 

70 

173 

_ _ 

24  ; 

10  : 

0 

; 

:  0  .7  ; 

8^6  : 

14 

^  8,6  i 

6 

185  • 

;  ~ 

25  ; 

;  10 

2  .6  i 

90  ' 

i  3.1 ; 

l:l 

45 

i  10,0' 

36 

182 

26  1 

i  10  ■ 

,  0  .75 

90  i 

•  2.8  i 

•10 

49  ; 

!  3,3; 

20 
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■3i  1 

B  ; 

i  O' 

. 

:  6  .8  : 

■9  • 

14 

;  9,3; 

5 

182  ; 

32  i 

B 

2,6 

90  i 

0.0  ! 

17  , 

29 

15 

40 

182 

39 

3  i 

:  2,6  ' 

:  90  ; 

'  3.4  ; 

I  23 

25 

16  1 

45 

181 

40 

3 

'  6 

:  6  .7 

14 

9' 

14  : 

8 

182 

is  the  rate  of  receipt  of  heat  by  the  liquid, 
fable  2,32 


Tractor  Kerosene,  d  =  300  mm 


M 

WtM/>€C 

tt,  MM/min 

I 

«940»,  i 
CMVt^C 

/to* 

T  ,  jHt  n  : 

Q,  <0i/ptc 

63  i 

2 

:  1.8  i 

r' 

;  42 

7.2  : 

■  '■  ■' 

75 
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64  1 

:  ■  0.  : 

.  2,0  ; 

55 

6 

;  75 
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18,5 
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6,6  * 

4,6 

45 

17 

75 
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66  i 

4,2  i 

3,5 

42 

14  ’ 

75 
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i  32 

71ac  ; 
75 

6,6 

22,0  : 

4.7 
:  7.0 

24 

'  45 

39  ; 

26 

40 

m 

.  300 

182 

43 

65 

76 

10,5 

5.7 

31 

;  30 

;|i  30 

180 

53 

77 

4,2 

3,5 

i  22 

27 

'  30 

180 

32 

from'  the  rim  to  the  liquid,  w  is  the  speed  of  the  air  current, 
and  T  is  the  duration  of  the  test.  Subscript  ?  denotes  that  the 
horizontal  screen  was  used|  subscript  a®  denotes  the  asbestos 


Table  2.33 


Tractor  Keroaonef  <1  s  4^90  miii 


M 

Iw  ,  mu 

;  CM-* 

CM*/U4, 

CM^* 

;  hoir  MM  ; 

f  iP.f  iKve* 

$ »  CHijiU 

47  • 

'O' 

\  :2-5  -  ; 

'l  M  ■ 

15 

28 

^  80 

;  180  ; 

65 

48 

10*8 

:  i5  »8  i 

;  25  : 

39 

4 

80 

;  240  : 

:  150 

49 

26  . 

7.4  : 

26  1 

;  2b 

i  *— 

!  80 

;  235  ; 

192 

50 

O'  ; 

is  ! 

27 

8 

i  80 

240 

65 

51 

9 

6i6  : 

19  1 

48 

i 

80 

240  i 

;  144  . 

61^  \ 

7 

•  *.t  : 

38 

18 

!  28 

;  its 

'  210  : 

^  106 

62 

2i0 

23 

14 

-  12^5 

no 

1  190 

52 

73 

4t? 

4.0 

20 

33 

6 

60 

;  180 

;  104 

74 

; 

i 

7i0 

50 

23 

6 

60 

:  180 

182 

Table  2.34 

Diesel  Oil  f  d  =  150  nuDf  b^  =  10  Mbi 


Ift 

mm 

m 

■ 

Bi 

cM\itcc  ; 

i  <•*-» 

“t ,,  «i(ih 

1  : 

1 

0 

1  0.6 

42 

!  2.4 

1  38 

24 

;  180 

2 

1,5 

.  90  i 

1,6 

56 

4.9 

45 

25 

:  182 

3 

1  : 

1.1 

:  90 

i.7 

56 

5.2 

i  42 

30 

174 

4 

2,6 

90 

2.2 

43 

8,4  i 

26 

57 

182 

5 

1,1 

109 

2.1 

:  31 

11,0  : 

;  26 

23 

17 

6 

1.8 

109 

2.2 

!  31 

12*0  i 

28 

23 

180 

7 

2.6 

109  ^ 

i  2,4 

i  31  ; 

13,0 

22 

35 

;  180 

8 

2,6 

70  ; 

1.9 

45 

7,0  : 

I  33 

i  32 

:  179 

9 

1.8 

70  : 

1.4 

!  43 

5,4 

40 

'  : 

181 

27 

10 

1.4 

90  ; 

2,3 

12 

32.0  ; 

M 

‘  46 

180 

28  { 

10 

0 

— 

0,6 

8.6 

12*0 

■7 

i  10 

:  180 

33 

6  . 

2,6 

90  : 

2.3  : 

18 

21,0 

13 

!  38 

;  180 

34 

6 

0 

^  ;l 

0.4 

.  9,8 

8.5 

8  I 

10 

180 

37 

3 

2.0 

:  90 

2.4 

23 

18,0 

:  19 

;  42 

^  182 

38 

0 

0,5  1 

25 

3.3 

10 

188 

Table  2s35 
Biasei  Oil  f  d  =  49®  ®*? 


M  i 

Wf  it/ set 

V9 

1  Tj. 

42  : 

22 

i  5,8 

■,  -r  i 

— ii 

43  ; 

16,4  : 

;  4.8  ; 

44  •; 

1 

;  '5',&  ! 

^  I 

:  ; 

240 

45 

^  0 

!  . 

i  36- 

8,4 

;  270 

46 

i  8 

4,0 

31 

21 

180 

tank*  Here  z  '  is  the  final  valne  of  z^^  subscript  Jfe  denotes  the 
liqiUidi  and  suiscript  e  the  wall*  In  experiment  50*  part  of  the 
wall  was  fitted  with  a  wick  system  fed  with  kerosehe,  which  heat¬ 
ed  that  part  of  the  wall^  All  results  fit  (2«55)  well;  k  de- 

Table  2*36 


Diesel  Oil  and  fractor  Kerosene  *  d  =  50O  mm*  h^  =  10  mm 


<  . 

fUei 

V/v  *»A  ; 

w, 

M/S€C 

CM-* 

CM*/SCC 

«or  : 

MM/min 

4  • 

Mm 

T,  •HtK' 

Qi. 

■  Qii* 

88 

di/ 

2,0 

36 

9.0 

210 

— 

56 

89a 

» 

ij' 

55 

;  5.1 

: 

140 

46--79 

48 

89 

'  '  ^ 

'  1.9! 

;  42  ■ 

;  7.6 

:  '■ 

■  ^ 

160 

■  — 

>  54 

90 

* 

i  2,0 

2wl 

-  -- 

;  3.2 

'  204 

210 

• 

111 

91 

i  * 

83 

4.2 

; 

240 

i.  61 

50 

92 

■» 

3,3 

104 

54.0  ! 

1- 

3.8 

200; 

■ 

120 

Note.  The  cooling  jacket  carried  diesel  oil  in  run  88, 
water  in  runs  89a  and  91 »  and  no  coolant  liquid  in  run  89b. 
Runs  90^92  were  performed  with  the  jaoket  removedo 

•creases  as  the  wall  thiekness  d^  increases,  as  Fig»  47  shows  for 
tractor  kerosene.  Here  the  open  circles  are  for  w  ==  0  and  the 
half- filled  ones  for  w  =  2.6  m/sec.  Diesel  oil  gives  a  similar 

pattern* 

The  asbestos  tank  gave  similar  results  (No*  71);  here  v 
was  as  for  the  metal  tank,  but  fc  was  reduced  to  about  half. 
Further,  k  is  generally  dependeht  on  the  level  of  the  liquid; 
k  is  halved  when  the  level  is  lowered  from  30  e®  (No.  ^7)  to  75 
cm  (No.  60).  This  relation  of  k  to  ho  is  seen  in  other  cases; 


V  is  eklmost  tittaffected  by  h.  within  the  limits  used* 

o 

Fii^re  %8  eolleets  results  for  t^he  effects  of  w  on  k  for 
tractor  kerosene;,  here  the.  circles  are  for  d  =  490  and  h^  Of 
60  and  8©  Wii  while  the  crosses  are  the  k  (halved.)  from  runs  63*; 


Fig*  ^7*  Relation  of  fc  and  Fig*  48*  Relation  of  k* 
a^  to  wall  thickness  fOr  ke-  to  air  sipeed  w* 
rosene ;  d  ="  150  mm* 

66,  and  67.  The  triangles  are  the  fc  from  runs  75 t  78 »  and  77. 
The  points  all  lie  near  a  common  curve ,  which  passes  through  a 
flat  minimum  nee^  8  m/sec.  The  results  also  indicate  that  fc 
is  dependent  on  a. 


Fig.  49.  Temperature 
distribution  in  the 
liquid  and  at  the  wall 
for  kerosene;  w  1.8 
m/sec . 


Runs  47  and  5©  'indicate  that 
the  external  fire  on  the  wall  had 
little  effect  on  V,  but  fc  was  ne*- 
arly  halved;  the  firO  affected 
the  temperature  distribution  vfery 
^eatly.  Further  ^  in  run  9©  the 
cooler  was  inoperative,  while  in 
run  91  it  carried  running  water. 
There  was  no  effect  on  v,  but 

-^z)  fitted  (2.55)  for  run  91. 

whereas  a  homotheroial  layer  was 
produced  in  run  90. 

The  wall  temperature  followed 
the  temperature  of  the  liquid  clo¬ 
sely  and  obeyed  (2.55)  well;  re-" 
suits  for  the  wall,  where_jvail‘>' 
able,  are  shown  as  fc  (cm  "). 
Figure  49  shows  results  for  d  == 
150  ram  for  w  of  0  and  1.8  m/sec; 
the  circles  denote  the  temperature 
at  the  axis,  the  crosses  the  tem¬ 
perature  on  the  windward  wall. 


The  difference  between  wa^l  and  liquid  is  small  if  w  =  0,  but 
the  for  the  lee  side  becomes  considerable;  it  increases  with 


W,  and  also  with  d.  The  wall  temperature  on  the  windward  side 
is  close  to  the  axial  temperature  of  the  liquid.  Figures  5© 
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and  51  sh'dw  for  kepdisiane  as  a  functibn  of  Zj,  tne  distance 
fPOm  tha  rinif  for  BOveral  wind  siieeds  and  for  two  taftlcs*  Diesel 
oil  gives  siinilar  curves*  which  in  Many  eases  have  a  raaximum« 

The  position  and  height  of  this  are  dependent  Oii  w;  for  example* 
^*max  kerosene  for  d  =  I50  mm  and  w  =  l»i5  ia/sec  is  2E**  for 
1*0  in/ BOG  32**  and  for  2*6  m/sec  |2*.  Also*  iflt^iax  ihcreases 
with  d*  for  it  is  32*  for  d  =  150  mm  and  w  =  l*i  ^sec*  whereas 
it  is  50*  for  d  =  1300  ma  and  w  -  1.4  m/seC*  Some  other  results 
for  kerosene  £21]  show  that  4i^!«j50*  for  d  =  50^  mm  and  8G*  for 
d  =  26cid  mm* 


A  if 


Fig.  50.  AA  z)  for  tractor 
kerosene  (d  =  150  mm);  w, 
m/sec:  l)  2.6;  2)  1*8; 

3)  1.15. 

At^  z)  is  governed  by  the 
if  (2.55)  applies, 


Fig*  51  •  for  kero^ 

sene  (d  -  1300  mm);  w* 

m^SeC!  1)  1.4;  2)  l.O, 

curves  for  wall  suid  liquid; 


M  =  60  -f  bitr"^' 


(2.56) 


in  which 

bi-=0  —%,c,  bi-%^‘&o. 

If  kc  ^  kj^  =  k. 

Ah  =  ho  4  (bi  ^  bi}  e-^^ 


and  the  ahape  is  then  that  of  curve  2  in  Fig*  51;  usually,  kg<. 
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iii  wkich  dase  (2«5^)  apfliea,  an4  here  the  maxinum  lies  at 


^max 


ln(Mt)-ln(M») 


k*  .fhe  temperath^a  distrlhution  repreaeiited  by  (2*55^  arises 
as  follows*  it  is  asserted  [1^5,71  that  heat  is  transferred 
mainly  by  conduction  in  these  cases;  we  must  now  test  this* 

The  flow  of  heat  from  the  wall  is  neglii^ble  if  d  is  large,  where¬ 
upon  the  heat-condUction  equation  for  a  liquid  burning  at  a  rate 
V  becomes 


‘az* 


,  ae 


(2*57). 


in  which  a  is  the  coefficient  of  molecular^thermal  diffusivity. 
#e  put  tr  's.  at  t  =  6  and  at  z  =  eie  and  tf  s  at  at  z  =  6;  then 
the  SClution  to  (2*57)'  is 


V 0»//4a 
0 


in  which  A  is  a  constant. 


4a 


in  which  t  is  a  parameter 
putting  f  =09;  the 


The  steady-state  result  is  found  by 
1.1  on  the  rif^t  then  becomes 


-exp(^|). 


Then  for  the  steady  state 


fto  =  (d,  --M  exp 


(2,58) 


This  resembles  (2.55)5  the  two  become  identical  if  we  put  that 


k 


(2*59) 


153 


Carve  1  of  fifg.  5^  shows  at  the  start;  curve  2*  frsm  (2.5S) * 

dses  the  same  fSr  t  iargei  ahd  the  CufvS  between  i  and  2  repre¬ 
sents  intermediate  t*  Curve  1  has  k  =  do;  12*59)  gives  k  = 

5*8  cin^i  far  curve  2  far  v  =  3*5  mm/mia  and  a  =  0*C0i  em^/see* 
these  Values  of  v  and  a  are  close  to  those  for  diesel  oil  for  d  s? 
13'0  cm;  k  should  lie  between  oo  and  6  cm"^  (.roughly)  if  conduction 

is  the  dominant  process.  But 


Fig*  52*  temperature 
distributions  at  the 
start  and  end  of  a  run 
when  the  thermal  eon- 
duetivity  governs  the 
dis  tribution . 

and  the  limiting  relations  between 
and  (2*59)*  then  we  have  that 


the  results  quoted  previously 
show  that  fc  is  much  too  Small 
even  for  t  small  *  so  molecular 
conduction  Cannot  be  the  main 
prOeeSs  (at  least  in  those  ca¬ 
ses  so  far  studied)  v/hen  (2*55) 
is  obeyed f  apart  from  viscous 
liquids  in  narrow  buraers* 

Since  fc  >  v/a*  conveGtion 
must  play  a  maior  part;  this 
conclusion  was  drawn  in  1949 
[153  and  has  since  been  0 on- 
firmed  several  times  Cd«l2,l3, 
M). 

the  aotuai  transport  pro¬ 
cess  is  complex;  it  can  £l7l 
be  represented  as  transfer  by 
thermal  conduction  in  a  liquid 
Of  equivalent  thermal  diffusi- 
vity  a**  whereupon  the  equa¬ 
tion  retains  the  form  of  (2.58) 
kj  V*  and  aj  are  still  (2.58) 


#  -  do  =  («,  <h)  exp  I  < 2.  60) 


and  k  =  v/aj.  We  determine  k  by  experiment  and  so  find  a^,  and 
thence  the  COnVection  factor 

^  -  Uj/  a  1 

which  gives  an  indication  of  the  extent,  and  nature  of  the  convec¬ 
tion. 

5.  'Pable  2.30  ^vea  the  a^  for  various  liquids  in  burners 
of  various  materials  having  d  £  11  cm.  The  following  are  some 
03,  (x  10^,  in  cm^/sec)  for  oil  products  in  metal  tanks: 


d%  CM 

Tractor  kerooon#  »  . 

iMunt*  koroOene  ^  ^  . 

Traiieformer  oil  . 

Diesel  oil 

Solar  oil  *  .  »  .  .  i  . 
Benzine 

Crude  petrOleuipi . 


8  iS' 

8fi 

50 

80 

m 

m 

3.S  %,% 

4.0 

6V2 

..i- 

78 

2.3  2.9 

2.4 

5.1 

-7 

-  2.j 

2.2 

2.1 

2.0  2;J 

— 

— 

19 

63 

*  78 

2.3  2.2 

2,0 

2.4 

-  0.3 

9;0 

— 

2.i  2iS 

— 

The  Mdlecultr  thermal  diffUaivities  a  (in  ICp  cm^/sec)  for  some 
liquids  are  as  folioes: 


Ethanol  0*97 

Acetonw 

1.0 

Butanol  0.8 

Glycerol 

0*9 

Amyl  alcohol  0.7 

kerosene 

0*9 

All  are  cloae  to  OvOOl  cm^sec,  which  we  may  take  as  an  approxi¬ 
mate  value  for  the  liquids  of  main  interest.  Then  £.  =  lOOda^f 

the  above  results  show  that  £  >  i  for 


e,// 


Fig.  33*  Heiation 
of  aj!  to  w  for  trac'!. 
tor  kerosene. 


metal  vessels «  thou^  1  for  cer¬ 
tain  liquids  in  narrow  burners  of 
glass  and  quartz 4  in  particular,  the 
a^  for  glycerol  and  MS  oil  are  low 
when  narrow  quartz  tubes  are  used. 
These  g  ■>  1  point  to  convection,  for 
£  increases  with  the  speed  of  the  oon- 
vection  curt'nnts^ 

Buns  7lac  (asbestos  tank)  and  65, 
together  with  Table  2.29,  indicate 
that  a^  increases  with  d^.  (wall  thick"^ 
ness)  and  with  Xd^;  further,  runs  61^ 
(with  horizontal  screen)  and  51  (for 


the  same  wind  speed)  indioate  that  increases  very  greatly  if 


the  flame  touches  the  side  of  the  tank.  This  is  confirmed  by 
run  50  (with  external  flame);  local  heating  increases  ae. 
Moreover,  the  increased  heating  of  the  wall  is  responsible  for 


the  rapid  rise  in  a#  in  the  series  d  =  80,  13O,  and  260  cm; 


these  large  tanks  were  used  In  the  open,  whore  the  wind  deflected 
the  flame,  whereas  those  with  d  s  50  cm  were  done  in  a  building:. 
Figure  33  illustrates  the  effects  of  w  on  a^  for  tractor  kerosene 
in  a  metal  vesael  with  d  ~  150  nun. 

These  results  will  be  discussed  further  in  relation  to  con¬ 
vective  transfer  in  general  and  transfer  from  wall  to  liquid  in 
particular;;  at  this  point  we  give  results  for  benzine,  crude 
petz'oleum,  and  other  liquids  that  have  homothermal  layers. 
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! 


Temperaibiape  Distribution  In  a  Liquid  Hayin 
HomothePmal  Layer 

1«  IIIFa  kave  ae«n  aPove  that  hansine  aad  pther  oil  ^rodiuots 
i^ve  Pise  to  layers  whose  teaperature  is  at  all  points*  The 


t.MM  ; 


Fig*  54*  TeapeFature 
distribution  in  burning 
benzine  (is;  130  ca)  af^ 
ter  1)  20  aih;  2)  40  min* 

depth  of  this  layer  increases  with 
time,  as  Figs.  $4  and  55  Show  (the 
circles  denote  the  liquid  in  Fig, 
55).  The  liquid  consists  effecti*- 
vely  of  two  layers ^  upper  and  lower; 
the  top  (homo thermal)  layer  has  a 
very  low  gradient  in  as  for  a  aa** 
terial  of  very  high  thermal  c6nduc« 
tivity.  The  fall  in  -rfin  the  low^ 
er  layer  is  rapid;  the  distribUr 
tion  is  as  for  an  unstirred  liquid. 
The  two  layers  represent  two  dis« 
tinct  states  of  the  liquid,  and  the 
gradual  aoyement  of  the  boundary 


represents  the  conyersion  from  one 

state  to  the  other,  as  in  the  Fig,  55*  Teaperature 

freezing  of  soil*  These  layers  distribution  in  the 

will  be  termed  liquid  1  (top)  and  liquid  and  at  the  wall 

liquid  2  (bottom)  in  what  follows.  for  automobile  gaso-^ 


Liquids  1  and  2  differ  in 
their  a^;  if  we  assume  that  the 
distribution  in  each  is  steady.. 

We  can  readily  deduce  i^z),  which 


line  at  yarious  times; 
0  liquid,  X  wall*  The 
times  T  are  in  minutes 

is  sometimes  called  a  distri** 


bution  of  the  second  kind,  to  distinguish  it  from  the  preyious 


(first)  kind  CSI*  in  fact,  the  »^(*)  fcr  liquid  1  is  as  for  a 
length  of  Zq  (  the  depth  of  the  layer)  having  a  high  conduc¬ 

tivity,  is  zfg  for  z  =  0  and  *^=  z^'for  z  =  z^  y  so 


h  - 


ifd'r  0^2^  Zi^, 


(E<>'6Qa) 


in  accordance  with  the  Conduction  equation  subject  to  the  boun¬ 
dary  conditions  for  liquid  i. 

For  liquid  2 


6, 


m 

di* 


.  «  # 

-rUc-^ 


0. 


in  which  u^  is  the  speed  of  the  interface;  Ug  =  v  +  u,  in  which 
u  is  the  rate  of  increase  of  z^ «  Now  =  zfL  at  z  =  «» ,  so 

O  O  ’ 

4f  r  .2s  <  z  ( 2, 6Gb) 


The  lines  in  Figs*  54  and  55  have  been  drawn  in  accordance  with 
(2.60a)  and  (2.oOb);  they  fit  the  ejcperimental  results  well. 

The  £  for  liquid  1  is  found  as  follows.  The  heat  trans¬ 
ferred  to  the  interface  from  the  surface  is 

=  (2,61) 


d  -  d*  +  di)  exp  f-  ^(2-2s) 


in  which  Xg  is  the  equivalent  thermal  conductivity  of  liquid  1, 
The  heat  received  by  liquid  2  is  found  as  follows  (Fig,  56). 

The  temperature  at  time  t  is  represented  by  abce,  and  at  time 
t  +  at  by  adfe;  the  heat  entering  liquid  2  in  time  at  is 

4Q  =  Of  X  (area  of  bcfd), 

in  which  c  is  specific  heat  and  ^  is  density.  But  this  area  is 
simply  that  of  bkmd,  which  is  (a^'-  rf)4zo’ 

dQ  —  cp  (d’  --  do)  dzo.  •  (2,62) 

Then  (2.61)  and  2,62)  give  us  that 

^  ^  d*  1 _ \  . 

dj  ~  “  cp  2o.  O'  —  Co  ^  Oj  — 0*  ' 


so 


This  Vi  is  simply  the  fate  at  which  the  liquid  becomes  heated. 


Fig.  Cajculatioh  of 

the  heat  tFahSfef . 

somewhat  Of  Oyefestimate;  Ta 
Gise  values  for  d  =  150  mm*  hg  = 


Results  for  autombbile 
gasoline  for  d  =  IJO  cm  and 
u  =  16.7  mm/ min  [83  give  the 
temperature  gfadient  in  the 
top  layer  as  O4I8  deg/cm* 
with  7^  =  50* ;  then 

(2*63)  gives  £  as  about  9000 
and  a^  as  9»  so  is  3  *'8 
cal/cm.secideg  (four  times 
the  X  for  copper).  The  £ 
found  for  benzine  [l03i  is 
10  OGO  to  ll  000. 

Now  we  consider  e  for 
liquid  2;  here  Ug/a^  =  0.17 
cm"^  and  Ug  =  O.O35  em/seei 
so  a^  =  G.2OO  cm^/sec  and 
1  =  200.  This  result  is 
tie  2.37  gives  somewhat  more  pres^ 
10  mm,  and  a  =  90* »  which  show 


Table  2.37 


vVi 

MM 

M/^ 

MM/mn  , 

CM-^ 

CM\’f*C 

:  Wo. 

;  : 

MM 

Q-<4I 

16 

1 

0 

1.4 

45  i. 

-  5.1  i 

' 

182 

2.1 

17 
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that  a^  ranges  from  0,01  to  0.062  cm y sec,  An  interesting  point 
is  that  £  shows  a  regular  upward  trend  with  w  euid  with  d^. 

These  t  show  that  convection  occurs  in  both  layers  when  the 
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distribution  is  of  tho  second  kind|  it  is  veny  strong  in  tbe  top 
i  for  \g  is  many  thousand  times  the  moleeuiar  conductivity 

and  even  exceeds  the  \  for  copper* 

It  is  much  less  strong«  but  still  im*> 
portant  t  in  the  lower  layer. 

2*  Figure  57  nhows  that  Zq  is 
St  first  proportional  to  t;  the  rate 
Uq  is  given  above ^  and  also  in  fables 
2.38  to  2*43.  This  rate  is  depei^^ant 
on  the  liquid  and  on  the  conditions; 
diethyl  ether  and  benzine  give  the 
highest  u^»  This  rate  does  not  per- 
sist^  especially  if  the  tank  is  tall* 
and  Zq  tends  to  a  limit  Zq  (Fig.  58);* 
The  behavior  is  described  well  by 

2o  =  Zb  (I (2*64) 


Fig.  57*  Relation 
of  Zq  to  time* 


in  which  |i  is  a  constant  and  t  is  reckoned  from  the  onset  of  for¬ 
mation  of  the  top  layer*  The  lines  in  Figs*  57  and  58  have  been 
drawn  in  accordanee  with  (2.64) i  which  shows  that  this  initial 
rate  Uq  is  reiatsd  to  z^  and  4  by 


tip  =  a  ;4‘ 


Tables  2*37*  2.40,  2.42,  sind  2*43  give  Uq*  p,  and  z|  derived 
from  experiments  with  benzine  0123* 

It  is  sirapie  to  prove  (2*64).  The  amount  of  heat  received 
by  the  lower  layer  in  unit  time  is  proportional  to  R2(fl2Q/dt), 
in  which  R  is  the  radius  of  the  vessel;  if  the  liquid  in  the  top 
layer  moves  at  a  speed  v,  it  removes  a  quantity  of  heat  q  ec  vi^ 
from  the  surface  each  second.  The  wall  loses  heat  at  a  rate 
proportional  to  Rzo*  Now 

c/2b 


We  assume  that  a,  b,  and  v  are  constant*  and  introduce  the  sym-' 
hols 


Zo  == 


avR 


h 

4  = 
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which  give  us  that 


Ta^e  2^11 
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Automobile  BenziHei  d  =:  3OO  mm 
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f  aijie  2./4i 


Aut6^mobi|.e  Benzine «  d  =  490  mni 
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Table  2.45 

Automobile  Benzine,  d  =  500  mm 
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Note.  The  oooler  contained  no  liquid  in  run  85;  the  ben¬ 
zine  was  thickened;  the  cooler  was  pemoyed  in  run  86  (also 
with  thickened  benzine).  The  coolep  carried  running  water 
in  run  87.  and  the  benzine  was  not  thickened. 


I4l 


Fdfmuia  (Zi&k)  is  feachedi  if  eaicuiate  the  time  from  the  ott^ 
set  of  formation  of  the  layer  and  determihe  S* 

The  ahove  results^,  together  with  Fig:.  3%  ehafele  us  to  eva*^ 
luate  the  ef foots  of  the  various  factors  on  ji,  and  z^;  we 
see  that  Uq,  iiiereases  with  which  points  to  the  wind  as  a  mayor 
factor  in  producing  the  homothermal  iayer.  Results  for  henzine 
in  iron  tank's  CTabie  2.44)'  confirm  this;  here  mode  1  indicates 
experiments  to  which  (2*55)  appiies»  mode  2  indicates  a  distri¬ 
bution  of  the  second  kindt  and  relates  to  the  end  of  the  ex¬ 
periment. 

The  top  layer  is  always  present,  but  z^  is  very  small  in 
small  tanks  for  w  =  0  (it  then  appears  very  quickly) ;  Zg  is  also 


t,  hr  w.M/i^e. 


Fig.  58.  Qurve  of  Zp(t)  Fig,  59,  Curve  for  u^fw). 

for  crude  petroleum 

small  for  large  d  if  w  =-  0.  A  finite  w  always  increases  Zqi 
especially  for  d  ?s  I76  mm,  and  increases  Up  as  well  in  the  latter 
ease.  For  example,  T-1  kerosene  in  a  178  mm  tank  had  a  large 
Zq  in  the  presenee  of  a  wind,  but  Up  was  only  2-3  mm/ min. 

The  tests  with  the  horizontal  screens  also  demonstrate  that 
the  wind  accentuates  the  top  layer;  for  example,  runs  54  and  56 
show  that  the  screen  reduces  Zq,  the  z^  for  these  two  rtms  being 
respectively  900  and  500  mm,  Again,  Zp  in  run  89  was  large, 
whereas  in  run  70  (same  w,  but  with  the  screen)  it  was  very  small 

There  is  also  some  evidence  that  Zp  increases  with  d,  but 
this  aspect  has  not  yet  been  examined  in  detail. 


Rutts  72^<j  and  tfi*©  asbestps-temefit  tank)  show  that 

the  homo thermal  layer  op Pars  even  in  a  tank  of  low  cOnduPtiVity. 
Here  is  much  greater  than  for  the  metallic  tanks,  although  Ug 
is  somewhat  lower. 

The  effects  Of  a  thickening  agent  (1*5$^  of  aluminium  naph- 
thenate)  Were  examined  in  run  86  (with  benzine  )|,  v  was  not  aff-^ 
ected  appreeiably.  Table  2.35  ohows  that  a  homothermal  layer 
Was  still  formed*  eaccept  when  a  cooling  jacket  (free  from  liquid) 
Was  fitted;  the  jacket  screened  the  wall  from  the  flame » 

3.  Cooling  the  wall  af fee ted  the  temperature  distribution 
very  much;  in  run  87  (Table  2.35)  the  cooling  jacket  was  supplied 
with  running,  water,  and  here  no  afpreciable  homothermal  layer 
appeared  even  in  2  hr#  This  result  has  been  confirmed  by  others 
ClOj  for  benzine  in  tanks  of  diameters  80*  139,  and  264  cm«  In 
One  series  the  tank  was  cooled  by  water  trickling  from  holes  in  a 
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tube  running  around  the  top  outer  edge;  no  cooling  was  used  in 
Other  runs.  The  temperature  distribution  in  the  first  ease  was 
as  for  diesel  oil  and  kerosene;  t  Varied  from  6  to  12,  and  the 
temperature  fell  rapidly  away  from  the  free  surfaGe,  In  the  se^ 
cond  case  there  was  a  homothermal  layer;  €  was  11  000.  A  seri¬ 
es  was  run  Cl03  in  which  the  cooling  was  not  used  at  first;  the 
development  of  the  homothermal  layer  was  recorded.  After  29  min, 
when  Zq  was  12  cm,  the  cooling  was  turned  on;  Zq  then  gradually 
decreased  and  after  90  min  was  only  I.5  cm. 

Petrov  and  Oerasimov  [22]  have  also  examined  the  effects  of 
water  cooling  on  benzine  in  two  identical  tanks  130  cm  in  diame¬ 
ter.  The  levels  were  kept  constant  during  the  runs;  one  tahk 
was  cooled  by  water  flowing  from  a  cooling  pipe  fitted  to  the  out¬ 
er  top  edge.  The  two  tanks  were  used  sirauTtaneously  in  order  to, 
eTiminate  effects  from  the  wind,,  air  temperature,,  and  so  on.  The 
flow  of  water  V*  was  varied;  so  was  h,  the  distance  from  the  edge 
to  the  surface  (Table  2.45) •  Figure  6Q  shows  the  mean  rate  of 


beatiag  5  as  a  fahction  of  1f*  tQt  h  =  700  itimj  there  is  an  ittitiai 
riss,  follbwed  by  a  rapid  fail  for  V  near  l.i  I/sdc  pep  m.  No 
hofflothermal  layer  was  formed  fer  V‘ 1*2*  The  effects  for  h  = 
70  mm  were  very  differeht;  nO  layer  arose  even  When  V'  was  small  f 
and  u  for  the  uncooied  tank  was  15  mm/min  (as  against  4  min/ min  for 
h  =;  700  mm)  * 

These  results  show  that  the  cooling  produces  results  depen^ 
dent  upon  the  conditions;  it  may  accelerate  or  retard  the  heat'!- 
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ing.  In  the  first  case  (h  large ^  V  <  1.2),  the  water  becomes 
heated  before  it  reaches  the  level  Of  the  surface  and  so  heats 


the  liquid  instead  of  Cooling  it; 


Fig.  6G.  Relation  of  S  to 
water  flow  rate  for  benzine. 


the  flow  is  adequate  to  cool 


water  content  for  crude  oil,. 


the  benzine  only  for  V'  »  1.2,  In  the  second  ease,  the  water 
flows  only  over  the  part  of  the  tank  containing  the  benzine. 

It  has  several  times  been  observed  that  the  water  content  of 
an  oil  product  is  important  E5»7,9l;  fairly  full  results  are  a^* 


vailafeie  for  emulsion  petrol eum  £93U  Here  u  is  found  to  in- 
Grease  witli  the  water  conteht  (Flgi  6i)  j  although  ^  f  alls  at  the 
same  time*  The  temperature  distribution  is  dependent  on  the  wa¬ 
ter  content  in  some  cases;  f  avlov  and  Khovanot'd  have  shown  that 
(2*555 »  with  fc  large  i  aP'®>iies  to  'dry'  machine  oil,  whereas 
'moist'  machine  oil  gives  rise  to  a  temperature  distribution  much 
as  for  benzine  l5l*  Further,  they  have  shown  that  a  distribu¬ 
tion  of  the  first  kind  applies  to  mazut  containing  not  more  than 
0*1%  of  water,  and  one  Of  the  second  kind  if  the  content  exceeda 
0*5%  E7i* 

4*  Figure  55  shows  the  temperature  distribution  in  benzine 
(open  circles),  at  the  lee  wall  (erossesli,  and  at  the  windward 
Wall  (triangles)*  Here  there  is  a  substantial  as  between 
Wall  and  axis;  at  first,  the  temperature  on  the  lee  side  is  eve- 


zine  for  variGUs  times  time  for  points  in  the 

(run  30).  Same  plane  in  benzine; 

l)  in  liquid;  2)  lee 
wall;  3)  windward  wall* 

rywhere  above  that  in  the  benzine,  but  later  is  is  so  only  within 
and  slightly  below  the  homothermai  layer*  The  below  the 
layer  decreases  as  time  passes,  eyentUally  becoming  zero. 

Figure  62  shows  4^(z)  for  IQ,  I5,  50,  and  80  min;  the  low¬ 
est  point  on  each  curve  eorresppnds  to  the  bottom  of  the  homo- 
thermed  layer*  Figure  65  shows  the  temperatureis  at  the  two  sides 
for  points  in  the  same  plane;  this  indicates  that  the  second  ra^ 
pid  rise  in  temperature  is  associated  with  the  onset  of  a  rapid 
rise  in  the  wall  temperature. 

Heat  Exchange  Between  Wall  and  Burning  Liquid 

1.  We  have  seen  above  that  the  wall  is  not  at  the  tempera-? 
ture  of  the  liquid;  a  liquid  that  varies  in  temperature  or  con¬ 
centration  from  point  to  point  can  be  in  mechanical  equilibrium 
only  if  certain  conditions  are  complied  with.  Any  deviation 


from:  those  GOhditiOns  results  in  GOhveetiOn:,  which  ten4s  to  eii- 
mihate  the  differences »  It  is  not  usual  for  a  burning  liquid 
to  comply  With  these  GonditionS;,  SO  GonveGtion  is  present »  Tem¬ 
perature  differen’ces  are  the  main  cause  of  GonveGtioa^  so  we 
need  to  examine  convective  heat  transfer* 

Fairly  detailed  studies  have  been  made  on  transfer  of  heat 
from  a  wall  to  liquid,  but  these  mostly  relate  to  pure  substan¬ 
ces,  whereas  Oil  prOdUets  are  usually  complex  mixtures,  which 
may  contain  much  suspended  water*  Blinov  et  al  Cl5l  have  exa¬ 
mined  liquids  of  this  type;  their  results  are  j^ven  below. 

2*  The  transfer  from  a  wall  to  a  liquid  free  to  move  can 
be  described  by  a  genefal  curve  for  all  liquids  and  for  bodies 
of  various  shapes  Hi?, 183*  Here  the  principal  criterion  is 
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GrPr  =  Ra,  which  we  have  considered  above.  The  shape  of  the 

body  is  of  secondary  importance,  so  tanks  or  other  bodies  of  con-? 
venient  shape  can  be  used  in  the  experiments. 

Spirals  were  used  in  transfer  measurements  with  binary  mix’?" 
tures  and  with  oil  products;  the  spiral  was  the  filament  from  a 
lamp  (ifO  w) »  which  was  placed  in  a  vertical  glass  cylinder  con-s 
taining  the  liquid.  This  spiral  was  0,64;  mm  in  diauneter  and  24 
mm  long;  it  was  placed  horizontally*  The  resistance  was  mea?^ 
sured  as  a  function  of  temperature  in  calibration  experiments, 
and  so  the  resistance  (ratio  of  voltage  to  current)  under  the 
working  conditions  gave  the  temperature.  The  current  and  vol¬ 
tage  were  allowed  4?*5  min  to  settle  down  after  any  alteration; 
readings  were  taken  every  minute  near  the  boiling  point. 

The  first  measurements  were  made  on  individual  liquids 


(benzene,  toluene,  ethanoi/  and  mixtures  ef  tteese;  tfee  fetbanol- 
benzene  mixture  was  45:35  (by  volume),  and  tbe  benzene»-toluene 
one  was  50; 5®*  The  latter  mixture  is  elose  to  ideal,  whereas 

the  other  is  not.  fhe  same  applies  to  the  ethanol«toluene  mix¬ 
ture* 


The  main  measurements  were  made  with  automobile  benzine, 
diesel  oilj  a  mixture- containing  equal  volumes  of  these,  paraffin 
oil  (dry  and  wet)  tractor  feerosene,  crude  petroleum  (not  speci¬ 
ally  mLoistened;  also  containing  3*4  and  %2%  water)*  The  water 
was  mixed  with  the  oils  by  means  of  a  very  small  centrifugal 

sprayer  coupled  to  the  water 
line  and  immersed  in  the  oil* 
The  mixture  was  used  after  it 
had  been  allowed  to  stand  for 


z  d  iio  s  o  80  m  m  m 


some  time  (when  the  large  drop¬ 
lets  had  settled  out).  The 
water  content  was  determined 
by  analysis. 

Table  2*44  giyes  the  para¬ 
meters  of  these  liquids  in  cgs 
units  (g,  dehsity;  kine¬ 
matic  viscosity;  boiling 

point ;  i  initial  temperature 
0Q,  initial  distillation  tempe¬ 
rature)  and  also  the  propGrtiOn 
(%)  distilling  up  to  Certain 
SpeGified  temperatures. 

3.  Figure  44  shows  some 
Of  the  results.  Here  is  the 
temperature  of  the  spiral,  o  is 
the  heat- transfer  factor,  suad  s 
is  the  surface  area  of  the  spi¬ 
ral  ( only  one  was  used) ;  as  is 
in  w/deg.  The  values  are  the 


b4.  Gurves  for  as  = 
for  1)  benzene;  2) 

,  ethanol;  3)  benzene  + 

ethanol.  .  , 

means  of  se-veral  readings. 

The  temperature  of  the  liquid  varied  from  l8  to  20*, 


The  oC-ir)  Gurves  for  pure  liquids*  binary  mixtures,  and  oil 


produets  (dry  or  moist)  are  all  of  the  same  general  form;  the 
points  lie  on  two  cur-ves.  One  (curve  A)  rises  slowly  over  a 
large  range;  the  other  (curve  B.)  rises  steeply,  but  sometimes 
has  a  less^  steep  part  later.  The  B  curyes  coyer  only  a  small 
range  in  in  which  a  becomes  ffluch  larger.  The  two  curyes  re¬ 
sult  from  two  different  transfer  mechanisms  [I7*l81;  curye  A 
corresponds  t©  free  conyection,  while  curve  B  corresponds  to  nu-- 
clear  boiling.  We  consider  convective  transfer  first. 

4*  Free  conyection  is  goverhed  by 


/?a  -  ^rPf  = 


in  whi&h  f  ia  density ^  c  is  tkermai  capaeity*  $’  is  expansion  C'0“ 
efficientj  M  is  yisGosity,  and  X  is  thermai  eondnGtivity;  %  is 
the  governing  dimension  (here  the  diameter  of  the  spiral K  S  is 
the  aGGeleration  due  to  gravityi  4t^ is  the  temperature  difference, 


and  b  is  the  GonveGtion  modulus: 


igNu 


Fig.  $5>  Relation  of  Nu 
to  Ra  for  toluene,  benzene, 
ethanol,  automobile  ben-* 
Zine,  tractor  kerosene » 
and  diesel  oil* 


* 

Nusseit's  number  (Nu  = 
ol/X)  is  related  to  Ra  [171  by 

Mtr=am\  (2.65) 

in  whiGh  C  and  n  are  functions 
of  Ra*  though  they  can  be  tahen 
as  constants  (1.18  and  1/8  resp** 
ectively)  for  Ra  between  Q.QOl 
and  500,  and  also  for  Ra  between 
3OQ  guid  2  X  10*^  (then  0.54  and 
1/45,  Other  0  and  tt  can  be 
used  to  ^ve  a  better  fit  in 
C2,65)  if  the  range  in  Ra  is 
smailer . 

Figure  65  shows  results 
Ell I  for  various  liquids,  whieh 
indiGate  that  oil  produGts  ©bey 
(2.65)  satisf actorily*  The  li¬ 
ne  drawn  on  the  figure  fits 

=-.  1,23  3  (2.66) 

area  is  ealGulated  from 
2nrl\ 


in  whiGh  #  =  1.4  if  the  surface 

s 


in  which  r  is  radius  and  t'  is  length* 

The  range  of  Ra  here  is  10^  to  10^',  SO  some  of  the  results 
fall  in  the  region  in  which  n  =  I/8  and  in  some  in  that  in  which 
n  =1/4.  The  Nu  given  by  (2.66)  for  Ra  =  10^  and  by  Nu  -  0,54Ra' 
are  in  the  ratio  because  the  true  surface  area  s-  is  greater 
than  2nrt'.  A  spiral  having  turns  in  close  contact  gives  s'/s  = 
1,57,  which  is  close  to  $  (1,4)  ;  the  active  area  Sg^  is  somewhat 
less  than  s'.,  so  we  may  take  #  as  Sg/s.  If  we  replace  s  by  s^. 


we  hawe 


#«  =  1,2  (1*47) 

The  abeve  results  [173;  agree  well  i^th  ether  published 
values,  s©  ell  products  obey  tihe  laws  for  pure  substaal'ces*  For¬ 
mula  (2.45)  is  applicable  to  mlxtureis  hOt  represeiited  in  Fig*  65, 
as  the  following  shows*  The  two  quantities  appearing  in  Ba 
that  are  the  most  affected  by  are  and  «  ;■  the  relation  of 
fli  to  for  any  given  liquid  may  be  put  as 


in  which  K  is  dependent  on  the  liquid  and  on  the  dimensions  Of 
the  heated  surface while  a  is  as  in  (2*65). 

Line  A  in  Fig*  64  has  been  drawn  in  accordanee  with  (2*68), 
which  fits  the  results  well  in  every  case*  so  we  may  eGnclude 
that  mixtures  not  represented  in  this  way  will  obey  the  same 
laws  as  the  others* 

5.  The  B  curves  gLve  a  that  vary  with  si^Cor,  strictly,  with 
as  in 


a  =  £(Adt'''. 


(2.69) 


The  following  values*  althoU:^  not  very  precise*  do  show  that  d 
increases  Very  rapidly  with  At^once  boiling  sets  in*  especially 
for  bensine: 


Liquid 

m 

Automobile  benzine 

4.0 

Benzine  *  diesel  oil 

4*0 

Tractor  kerosene 

2*5 

Moist  paraffin  oil 

3,0 

Crude  petroleum 

3,5 

These  m  are  much  larger  than  the  powers  in  Kutateladze 's 
[23]  proposed  formula* 

6,  The  intersection  of  the  A  and  B  curves  defines  T^*  the 
temperature  of  ^set  of  boiling.;  boiling  proper  usually  starts 
somewhat  above  because  there  is  often  a  degree  of  super¬ 
heating  (sometimes  considerable)*  This  zA  is  of  great  interest; 
Table  2*47  [153  gives  values,  as  well  as  the  boiling  point 
and  the  temperature  of  the  start  of  distillation  0  for  the  oil 
products.  These  tJL  agree  with  previously  published  values  for 
pure  compounds  and  binary  mixtures,  apart  from  toluene*,  whose 
^  is  several  degrees  aboVe  the  published  values,  The  discrep- 
ancy  is  caused  by  impurities.  The  benzene-toluene  mixture  is 
of  the  nearly  perfect  type,  while  that  with  ethanol  is  of  imper¬ 
fect  type*  .  Both  types  behave  as  do  pure  substances.  The 


agreemeat  between  and for  the  pure  BUbstaaices  and  binary 
inixtures  OOnfirms  that  is  the  temperature  of  onset  of  boiling 

Table  2  *  47  shows  that  =  0  f  or  kerosene  but  >  (0  f  or 

bensine  and  crude  oil  ^especially  the  latter)*  The  reason  is 
that  the  crude  Oil  contains  only  a  very  smali  proportion  of  the 
light  fractions;  only  Ji%  distils  Over  up  to  lOO*^  and  only  10% 
up  to  14d*.  The  precise  value  of  -  0  is  dependent  on  the 
composition  of  the  Oil  product. 

Table  2*47 


liquid 

H  1 

^kui  ' 

0 

1.  Ethanol  . .  i  .  .  ;  i  . 

'  80  i 

BO 

2*  Benzene  .  .  .  .  .  •  •  •  • 

;  79  ; 

80  i 

3*  1  +  2 

69 

69 

Ml 

4.  Toluene  •  '  . 

3.  2  +  4  .... 

$7  : 

90 

b*  Gasoline 

89 

i 

78 

7*  Biesel  oil  *  ,  .  .  .  * 

176 

!  ^  1 

8.  6  +  7 

:  120  ‘ 

9.  Tractor  kerosene  •  *  •  • 

137  : 

137 

10*  Paraffin  oil  ••••••• 

260  ; 

ll*  Ditto,  moist 

100 

12*  Grude 

160 

78 

13,  Grude*  3*6%  water 

100 

I  •  ^ 

l4,  Grude*  12%  water  •  *  . 

100 

The  for  the  mixture  of  diesel  oil  with  benzine  is  120*, 
which  lies  between  the  for  the  components.  This  is  to  be 
expected,  for  the  two  mix  in  all  proportions;  the  solutions  are 
not  ones  giving  a  maximum  or  minimum  on  the  vapor’.-presOure  curve 
The  theory  of  solutions  showS  C24l  that  the  boiling  points  of 
Such  mixtures  lie  between  those  of  the  components. 

The  moist  paraffin  oil  has  =  lOO*,  whereas  the  dry  oil 
has  a  of  over  2^0*.  This  is  to  be  expected,  for  the  water 
behaves  as  an  insoluble  liquid  in  relation  to  the  oil ;  a  mix^ 
ture  of  this  kind  has 

P  =  Pi  Pg*  (  2,70  ) 

in  which  p  is  the  total  vapor  pressure,  while  p^^  and  pg  are  the 
saturation  vapor  pressures  of  the  two  components*  Formula 
(2.70)  implies  that  the  bpiling  point  of  such  a  mixture  should 
lie  below  that  of  the  more  volatile  component.  Now  Pi  (water) 


is  fflUeh  ia;rgef  (oil)  ,  so  p  »•  pi  *  aiii  the  boiling  point 

is  very  close  to  that  of  waierj  as  is  round*  The  Same  explana¬ 

tion  is  applioablf  to.  the  crude  oil  containing  3,6  and  %$.%  water;: 
js^  is  lOQ*i  whereas  for  the  dry  crude  is  l60*. 

Conclusions 

1.  .The  wall  temperature  in  a  tank  differs  from  the  tempera¬ 
ture  Oi  the  liquid;  the  difference  increases  with  the  air  flow 
rate;  the  same  applies  to  narrow  burners,  al though  here  is 
only  1-2*  {Table  2.48)*  This  difference  g^ves  rise  to  cOnvec- 
tipn  eurrents,  whose  vigor  is  indicated  by  Ha;  the  currents 

Table  2*48 


arise  wheh  Ro  exceeds  a  limit  Ba-j^j  which  is  1P0O  for  vertical 
layers  of  liquid  and  1600  for  paraliei  plates *  but  much  smaller 
for  unbounded  liquids.  We  may  asiume  that  convection  currents 
are  bOxind  to  be  present  if  Ha  >  1600,  although  Ha  is  also  depen¬ 
dent  on  bi  the  convection  modulus,  which  is  dependent  on  the  na^ 
ture  of  the  liquid.  Some  values  are  as  follows: 


Liquid 

•0 

b,  J/enKo’G 

Ethanol 

27 

'cn 

; . 126  000  ' ; 

It 

Acetone 

27  : 

yv^v 

360  000 

Automobile  benzine 

20  : 

150  000 

Tract  or  ke  r os  ene 

20 

60  000 

Diesel  oil 

20 

30  000 

Olycerai 

27 

440 

In  general,  b  is  small  if  ^  is  large;,  it  increases  rapidly  as 
the  temperature  rises.  Convection  in  diesel  oil  sets  in  if 
^4i^  >  0«O§,  and  in  ethanol  and  automobile  benzine  if  > 

0.012  cgs  units. 

A  liquid  in  a  narrow  burner  may  be  considered  as  a  liquid 
layer;  here  I  =  r,  A  liquid  in  a  tank  is  effectively  unbounded 
horizontally,  especially  if  d  is  large.  The  critical  Ha  is  ex¬ 
ceeded  for  diesel  oil  in  a  burner  8  mm  in  diameter  if  A^>0.8-, 
and  for  kerosenef  benzine ,  and  alcohol  for  even  smaller  Av. 


Now  Ra  increases  rapidiy  with  d,  so  we  may  asswne  that  conveetion 
is  aiways  present  if  d  >  8  mm;  on  the  other  hand,  e&nvection 
does  not  occur  even  in  ethanoi  if  d  <,  5  mm,  SO  here  only  conduc¬ 
tion  Occurs*  But  V  decreases  as  d  increases,  which  means  that 

heat  received  from  the  wall  plays  a  sighifieant  part;  this 
source  hecomes  negligible  under  normaL  conditions  if  d  80  mm* 

(2*  The  (equivaient  thermal  diffusivities.)  for  liquids 
in  metal  ta^s  are  much  smaller  than'  those  for  glass  burners* 

The  following  are  some  a^:  copper,  fOC);  aiuminium,  500;  iron, 
I50;  i^asSi  1*7;  quart  a,  3*3*  That  for  copper  is  some  5^0 
times  that  for  glass;  the  metal  burners  heat  Up  in  a  manner  dis¬ 
tinct  from  that  for  glass  and  quartz*  The  depth  of  the  layer 
heated  by  conyection  is  much  greater  for  a  metal  burner,  which 
is  one  reason  for  the  gpeat  difference  in  the  a^  of  the  liquids* 

3*  The  t  in  the  Rayleigh  criterion  equals  the  height  of 
the  part  of  the  wdl  that  is  Hotter  than  the  liquid  (for  tat^s); 
here  Ha  and  convection  currents  are  present* 

The  maximum  difference  ll4iax  between  lee  wail  and  liquid 
inoreases  with  w,  the  wind  Speed;  Ra  increases  with  At^^,  so 
convection  becomes  more  Vigorous,  and  increases  with  w*  How¬ 
ever,  the  Wall  loses  more  heat,  and  the  extent  of  the  contact  be¬ 
tween  wall  and  flame  decreases,  so  ther  is  also  a  tendency  for 
a^  to  decrease  as  w  increases*  Factors  that  tend  to  increase 
accentuate  Convection  emd  increase  a^,  as  the  results  from 
run  50  show;  the  Wall  became  heated*  This  explains  Why  arti¬ 
ficial  cooling  (with  Screens)  reduces  a3,  and  why  aj  increases 
with  wall  thickness. 

4*  The  flow  near  the  wall  is  laminar  for  Ra  >  Ra^,  but  ii; 
becomes  turbulent  if  Ra  >  Ra2  Cl7»l93»  the  latter  limit  being 
higher;  natural  convection  about  a  plane  becomes  turbulent  if 
Ra  >  2  X  10^  Cl93^  Ih  general.  Rag  is  less  than  10^* 

The  Ra  for  some  of  the  above  tests  are  as  follows.  For  run 
12  (tractor  kerosene),  I  =  2.0  cm  and  A^--15*;  Ra  is  7  x  IQ^, 
which  exceeds  Rag,  so  the  convection  is  turbulent.  In  fact, 
is  about  11.  In  one  of  the  runs  for  diesel  oil  in  the  1300  mm 
tank,  w  was  0*4  n/sec;  Ax^was  20*  for  a  length  of  25  cm  above 
the  liquid  on  the  lee  side,  and  here  Ra  was  9  X  10^  (?-Rag);  £ 
was  about  60,  Tractor  oil  in  a  150  mm  tank,  with  no  wind,  gave 
Ax^ax  “  Wall  was  hotter  than  the  liquid  for  a  length  of 

5  cm.  Here  Ra  was  Several  orders  of  magnitude  lower;  convec¬ 
tion  was  vigorous  but  not  turbulent,  and  £  was  about  4* 

These  examples  show  that  vigorous  convection  occurs  at  the 
wall  of  a  tank  containing  a  burning  liquid;  this  may  be  turbu¬ 
lent  under  suitable  conditions*  Here  is  always  greater  than 
the  moleeular  thermal  diffUsivity*  Calculations  show  that  £ 
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iiev^r  exceeds  100,  even  when  the  convection  at  the  wall  is  very 
vigorous* 

Oauses  of  the  Homothermal  Layer 

some  oil  products,  and  diethyl  ether,  give  rise  to  such 
layers,  which  may  he  of  considerable  depth;  kerosene,  diesel 
oil,  and  solar  oil  do  not  give  these  layers*  We  have  seen  above 
that  aj  for  the  homothermal  layer  in  benzine  is  higher  than  the 
thermal  diffusivity  of  copper  and  also  much  higher  than  the  a^ 
for  benzine  itself  when  this  layer  is  absent.  This  layer  is 
vigorously  mixed  by  coavection,  which  also  causes  a  rapid  trans¬ 
fer  of  heat  to  the  lower  boundary  of  the  layer* 

Many  differeat  explanations  have  been  proposed  for  the  con- 
vectioa  in  this  layer*  It  has  been  supposed  that  the  upper  . 
part  becomes  depleted  of  light  fractiOttS,  increases  in  density, 
and  so  sinks;  Hall,  who  demonstrated  the  existence  of  this  lay¬ 
er,  first  put  forward  this  hypothesis  El]*  However,  measure¬ 
ments  and  calculations  show  that  the  density  at  the  actual  tem¬ 
perature  is  less  than  that  of  the  cold  initial  material,  so  any 
such  effect  must  be  of  mittor  importance*  On  the  Other  hand, 

.one  might  suppose  that  fresh  material  at  the  lower  boundary  is 
heated  and  rises;  but  then  this  hew  material  rapidly  becomes 
mixed  with  the  aiready  heated  layer,  SO  any  density  difference 
cannot  persist.  Again,  differential  boiling  of  fresh  material 
cannot  be  invoked,  for  diethyl  ether  (a  pure  substance,  which 
cannot  give  differential  distillation)  gives  Such  a  layer  Ell]. 

it  has  also  been  supposed  that  the  temperature  difference 
between  wall  and  liquid  is  On  of  the  raaitt  causes  of  the  cir¬ 
culation  in  the  layer  ES];  all  oil  products  give  rise  to  sub¬ 
stantial  and  Ra  exceeds  (and  sometimes  Rag  also),  so  con¬ 
vection  (perhaps  turbulent)  is  present.  This  motion  occurs  in 
kerosene,  which  dGeS  not  give  a  homothermal  layer,  so  alone 
cannot  be  the  main  cause  of  the  layer. 

Another  suggestion  is  that  distillation  occurs  at  the  bott¬ 
om  of  the  layer  fl]  or  within  the  body  of  it  El3;  the  vapor 
bubbles  rise  and  so  stir  the  layer,  tlowever,  nuclei  are  needed 
to  cause  normal  boiling;  vapor  is  seldom  formed  within  the  body 
of  a  liquid,  and  the  proCeSs  is  explosive  when  it  does  occur. 

The  experiments  with  benzine^  (Fig,  ^3)  serve  to  solve  the 
problem;  here  the  circles  give  v  for  the  liquid,  and  the  crosses 
2;^ for  the  lee  wall.  Clearly,  the  latter  is  above  lOO*  over  m 
much  of  the  region  covered  by  the  homothermal  layer  and  is  80-90* 
at  the  lower  edge  of  that  layer.  Benzine  starts  to  boil  at  89*, 
and  direct  observation  shows  that  a  considerable  ridge  (indica¬ 
ting  a  vigorous  rising  eurre^^^'  occurs  at  the  lee  wall.  Now 
the  wall  always  provides  an  adequate  supply  of  nuclei,  so  normal 


bdiliAig  fegfl  ocenr  there.  In  fact,  the  faenzine  is  boiling  in 
this  regiSn*,  ant  the  rising  bubbies  of  vajpor  eaune  the  vigorous 
stirring# 

fhe  homotherraal  layer  arises  with  iiquits  of  low  boiling 
point  is  about  90*  for  benzine  ant  35*  for  ether)';  miazut  ant 
machine  oil  also  give  such  layers,,  ^,1  though  their  are  highj 
but  Only  when  they  contain  water*  The  try  materials  give  terape- 
rature  curves  that  fit  (2.55);  falls  to  about  IQO*  when, water 
is  present ^  so  the  liqnits  become  effectively  ones  of  low 

Grute  petroleum  gives  a  tifferent  type  of  distribution;  it 
usually  contains  water,  which  is  largely  responsible  for  the  home- 
thermal  layer.  It  is  stated  :E7l  that  dry  curde  .gives  fto  such 
layer,  the  distribution  being  such  as  to  ifit  (2*55) »  Kero'Senei 
diesel  oil,  and  so  On  are  products  that  do  not  contain  Water  and 
that  have  fairly  high  vL  (137  and  176*  for  kerosene  aiid  diesel 
oil)* 

These  results  show  that  appreciable  horaothermal  latyers  occur 
only  for  liquids  whose  are  less  than  a  limit  not  far  from 
lOO*;  n<0  such  layer  is  fOrTBed  under  normal  conditions  if 
although  One  may  form  under  special  conditions* 

The  origin  and  growth  of  the  layer  in  benzine  are  as  follows. 
Figure  55  shows  that  is  eveTywhefe  pGsitive  when  the  benzine 
has  been  burning  for  a  few  minutes,  but  then  the  wall  temperature 
at  the  lower  boundary  of  the  'homothermal  layer  becomes  the  same 
as  that  Of  the  liquid  at  that  point;  subsequently,,  it  falls  be¬ 
low  it.  The  liquid  begins  to  boil  when  the  wall  has  beGome  hot 
enough;  the  rising  bubbles  stir  the  liquid,  and  the  motion  gives 
rise  to  the  homOtherm.al  layer.  At  the  Same  time,  this  layer  is 
depleted  of  its  light  fraGtiOns.  The  heated  layer  of  liquid  fa» 
cilitates  the  heating  of  the  wall  near  the  lower  boundary  of  the 
layer;  the  curve  for  at  the  wall  shows  a  kink,  and  boiling 
starts  at  the  bottom  level,  which  intensifies  the  circulation 
introduces  fresh  liquid.  The  process  of  boiling  gradually  ex¬ 
tends  down  the  wail,  and  so  on.  In  fact,  the  heated  layer  faci¬ 
litates  the  heating  of  the  wall,  and  the  resuiting  boiling  tends 
to  increase  The  explanation  for  liquids  other  than  benzine 

is,  of  course,  niuch  the  same.  The  process  can  occur  only  in  a 
liquid  of  low  the  relation  Of  Zq  to  t  fits  (2.64),  as  ex¬ 

periment  shows. 

Conditions  that  favor  boiling  at  the  wall  also  favor  the  pro¬ 
duction  of  the  layer;  this  explains,  run  8,7  (in  which  the  taidc  was 
cooled  by  flowing  water),  when  there  was  no  homothermal  layer,  and 
also  other  experiments  |iQ,22j  in  which  the  walls  vyere  washed  by 
water. 

Now  the  effects  of  the  screen  and  the  wind  become  explicable. 
The  wind  deflects  the  flame  onto  the  wall,  which  becomes  hot  and 


so  causes  more  vi^rous  bOiiiuif:;  tbe  layer  arises  more  rapidly 
and  is  deeper  i  T?he  horizontal  SOreen  prevents  the  flame  from 
touching  the  wallt  so  the  layer  appears  only  slowly# 

It  may  he  that  a  very  large  tanh  containing  only  a  very  low 
level  of  liquid  would  not  j^ve  rise  tO  this  layer#  for  the  ratio 
Of  circumfereace  to  area  would  he  very  small* 

The  layer  appears  in  henzine  even  in  tanks  made  of  poor  con¬ 
ductors;  the  reason  here  is  simply  that  the  heat  received  hy  the 
inside  wall  from!  the  liquid  is  net  readily  lost  to  the  surround¬ 
ings,  so  it  migrates  down  the  wall  and  causes  the  layer  to  deve¬ 
lop  fairly  rapidly^ 

The  best  method  of  suppressing  or  minimizing  this  layer  is 
to  cool  the  tank  with  water#  which  prevents  the  liquid  from  boil¬ 
ing#  but  the  process  is  effective  only  if  performed  properly# 
Petrov  and  ^rasimOv's  experiments  show  that  incorrect  treatment 
can  actually  accelerate  the  growth  of  the  layer*  Proper  treat¬ 
ment  Can  be  highly  effective  for  benzine#  ether,  crude  petroleum# 
and  so  on# 
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Boiling-Over  of  a  Burning  Liquid 

1.  Crude  petroleun  and  certain  oil  products  sometimes  boil 
over  when  they  burn  in  tanks;  this  makes  the  fire  much  more 
difficult. to  contain*  and  the  burning  liquid  presents  a  serious 
hazard.  Large  volumes  of  burning  material  may  be  thrown  high 
in  the  air;  for  example,  in  tests  with  crude  petroleum  in  a  26O 
cm  tank,  depths  of  up  to  k  m  of  oil  have  been  thrown  12  m  into 
the  air,  tho  spilled  oil  then  eovering  an  area  of  1000  m^  |I3I* 
These  bGil-overs  often  cause  ^eat  damage  and  loss  of  life;  a 
fire  at  Baku  in  the  early  years  of  this  century  ignited  a  workers' 
settlement,  with  many  deaths  [123, 

Much  attention  has  been  given  to  the  effect*  the  first  ex¬ 
periments  being  Hall's  of  1925  ClJ,  which  numbered  over  100.  He 
found  that  a  homothermal  layer  is  produced  in  crude  petroleum  and 
that  boil -overs  occurred  only  when  there  was  water  under  the  oil. 
His  cpnclusion  was  that  the  boil-over  occurs  when  the  bigh-tempe- 
rature  front  reaches  the  surfaee  cf  the  water;  the  water  must  be 
removed  in  order  to  suppress  the  effect.  Some  of  his  conclusions 
were  incorrect,  though;  for  example*  he  believed  that  horaothermal 
layers  occur  only  in  crude  petroleum*  not  in  products. 

Hall's  dis.coyery  of  this  layer  gave  rise  to  numerous  studies 
on  its  rate  of  development;  some  of  the  results  were  published 
by  the  American  Oil  Institute  Csji.  Burgpyne  and  Katan  [2]  made 
a  detailed  study  of  heat  transfer  in  burning  oil  products  in  1947; 


tkis  showed  that  hoino  thermal  layers  baft'  be  cur  in  certain  Oil  pro¬ 
ducts*  In  the  USSKi  Pavlov  and  Khovanova  have  made  meiasuremeMts 
on  outdoor  equipment  ^  while  Khudyakov  [43  and  Blinov  C53’  have 
made  laboratory  studies.  These  last  gave  the  best  indication  of 
the  cause;  they  are  dealt  with  below* 

2,  The  laboratory  studies  were  made  on  an  apparatus  resemb¬ 
ling  that  used  for  measuring  burning  rates*  k  glass  or  quartz 
burner  eontained  a  liquid  at  a  fixed  level;  in  one  series  the 
liquid • filled  the  entire  burner ,  in  a  second  there  was  mercury 
under  the  liquid^  and  in  a  third  water.  The  depth  of  the  layer 
of  combustible  liquid  was  measured  with  a  cathe tome ter. 

Liquids  of  low  boiling  point  ( acetone benzene,  ethanol)  and 
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Fig.  67.  Surface  tempera¬ 
ture  of  transformer  oil 
floating  on  water  contain- 
ing  floating  particles. 

of  high  boiling  point  (transformer  oil)  were  used  in  the  first 
series;  in  no  case  was  the  liquid  ejected.  The  same  applies  to 
the  second  series,  but  the  liquids  {kerosene,  solar  oil,  trans- 
fornier  oil)  were  ejected  in  the  third  series.  This  occurred 
when  the  residual  laysr  was  shallow;  usually  there  were  several 
cycles  of  boiling,  in  which  part  of  the  corabustible  liquid  was 
ejected*  A  noise  of  explosive  type  ocGurred  during  the  ejection. 
The  underlying  water  did  not  eject  the  fuel  if  it  had  not  pre¬ 
viously  been  boiled;  previously  boiled  water  ejected  the  fuel 
during  the  third  and  fourth  runs»  unless  it  was  left  to  stand  se¬ 
veral  days  between  runs,  when  it  boiled  normally. 

Several  experiments  were  made  in  order  to  establish  the  tem¬ 
perature  at  the  surface  of  the  water,  as  well  as  the  distribution 


Fig*  66.  Temperatures  in 
solar  oil  for  a  glass 
burner  21  mm  in  diameter. 


ift  the  filled;  burheir*  The  tettpeirature  at  the  ittterfaee  was  mea¬ 
sured  as  a  futtctien  ef  time*  fi'^re  66  shows  results  for  solar 
oil;,  the  open:  oircles  relate  to  the  solar  oil,  and  the  filled 
ones  to:  the  underlying  water.  The  two  liquids  we|*e  at  the  same 
temperature  at  the  interface;  the  same  result  was  obtained  with 
kerosene*  so  these  results  are  prohably  applicabie  to  other  fuels* 

The  surface  temperature  t^^of  the  water  was  above  lOO*  when 
boiling  or  efec  tion  Occurred;  '*^^not  less  than  IM*  were  needed 
to  cause  boiling  followed  by  ejection*,  and  ones  in  excess  of  IhO* 
were  needed  to  eause  direct  ejection*  These  temperatures  were 
the  same  for  kerosene*  solar  Oil*  and  transformer  oil^  but  the 
depths  of  fuel  at  which  they  occurred  vary  from  one  liquid  to  an¬ 
other* 


Gork  dust  floatinij  at  the  in¬ 
terface  caused  vigorous  boiling  to 
set  in  at  a  certain  point;  the 
temperature  then  fell  raoidly  to 
about  100**  and  SO  did  (Fig*  671 
This  Was  so  for  all  the  liquids; 
the  boiiin'g  is  simply  that  Of  wa¬ 
ter  at  100* *  The  ejection  effects 
are  caused  by  superheating  in  wa^ 
ter  lying  under  the  immiscible  oil* 
Water  is  readily  superheated  under 
.these  conditions,  as  the  following 
experiment  shows.  A  Wide  test- 
tube  Was  wound  with  15  turns  of 
constantan*  The  tube  was  filled 
with  kerosene,  Which  Was  heated 


68*  Surface 
erature  of  water  heated 
from  above  with  oil  pre¬ 
sent  initially  or  at  a 
iater 


slowly  by  a  current  passing  through 
the  coil*  A  drop  of  water  was  run 
in  from  a  fine  tube,  and  next  to 
it  was  placed  the  bulb  of  a  thermo¬ 
meter*  The  drop  was  observed  un¬ 
der  a  microscope.  A  faint  crack¬ 
ling  was  heard  at  120-150* «  and  a  small  gas  bubble  detached  itself 
from  the  drop,  which  also  broke  away  from  the  tube*  The  drop 
also  shrank  graduadly  at  temperatures  above  100*,  but  no  steam 
jacket  was  formed  even  at  i4:0-15P*» 

A  further  experiment  (on  a  tube  wound  with  12  turns)  was  per¬ 
formed  with  water  that  had  been  boiled  for  a  long  time;  this  was 
covered  with  transformer  oil*  The  water  began  to  boil  smoothly 
at  100*  if  the  surface  was  above  the  top  of  the  spiral;  bubbles 
were  formed  at  the  wail*  But,  if  the  water  lay  entirely  below 
the  coil,  the  temperatuEe  of  the  water  rose  above  100*,  and  the 
oil  was  ejected  if  the  superheating  waa  considerable* 


A  fefeaker  was  gartly  fillsd  With  watery  wfeich  was  exfosei  to 
radiatioa  front  ateove  ( from  aii  arc  lamp)  *  Figure  6i  sihows  the 
surface  temperature  as  a  fuactioh  of  time;  a  is  for  water  alohej 
to  is  for  water  covered  by  a  thin  layer  of  solar  oil|  and  c  is  for 
water  initially  alone  but  coated  with  Oil  afe  the  point  marked  by 
the  arrow*  Clearly^  the  solar  oil  causes  the  surface  temperature 
of  the  water  to  rise  above  the  boiling  points  which  does  not  occur 
if  the  surface  is  free* 

this  also  confirms  that  the  boiling-over  is  caused  by  the 
stroag  superheating  Of  water  under  a  layer  Of  oil.  The  effects 
are  best  Understood  by  reference  to  the  literature  on  the  boiling 
of  lifUids  [6-113. 

3*  Boiling  is  the  production  of  vapor  within  the  liquid; 
this  does  not  occur  below  the  boiling  point.  Superheating  can 
occur ^  and  the  state  is  thermodynamically  metastable.;  it  can 
persist  Until  a  nucleus  of  the  new  (vapor)  phase  appears *  where¬ 
upon  it  is  Gonverted  to  the  stable  state*  Bubbles  of  vapor  are 
generated  and  grow  in  the  process*  The  usual  nuclei  for  these 
vapor  bubbles  are  partiGles  of  dust  and  minute  gas  bubbles^  for 
a  highly  pure  liquid  allows  Of  cOasiderable  superheating.  Water 
that  has  been  freed  from  air  by  prolonged  boiling  can  be  heated 
to  130*  in  a  tube  before  it  boils;  pure  water  in  a  Garefully 
cleaned  glass  vessel  boils  explosively  at  137*.  (Krebs  heated 
water  very  carefully  freed  from  air  to  nearly  200*  without  caus¬ 
ing  boiling. ) 

The  abnormally  elevated  boiling  point  is  Very  rapidly  nor¬ 
malized  if  sand  or  any  other  solid  with  a  substantial  surface  is 
added,  for  bubbles  are  formed  on  it  at  once.  A  liquid  can  be 
superheated  within  a  second  liquid  having  the  same  density}  wa¬ 
ter  droplets  floating  in  a  mixture  of  two  oils  can  be  heated  to 
178*  without  vaporizing  [73. 

The  bubbles  of  vapor  must  be  larger  than  a  certain  critical 
radius  which  is  determined  by  the  condition  that  the  pressure 
must  be  the  same  oh  both  sides  of  the  interface.  Then 
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in  which  p  is  atmospheric  pressure,  p^  is  the  saturation  vapor 
pressure  of  the  liquid,  a  is  the  surface  tension,  g  is  the  accel¬ 
eration  due  to  gravity,  h  is  the  dist^ce  from  the  surface  to  the 
bubble,  ^  is  the  density  of  the  liquid,  and  C'  is  the  density  of 
the  vapor.  The  bubble  is  eliminated  by  the  external  pressure  if 
r  <  but  can  grow  and  move  upwat'hs  if  r  >  rj^.  .Now  p^  =  p  and 
rj^  -  CO  at  the  boiling  point,  so  suitable  inclusions  are  needed 
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t©  cause  b&i-ling;  but  -  p  >  0  for  a  Superheatei  liquidi  The 
Pjg  for  a  slightly  suferheated  liquid  is  still  large,  so  the  inolu-? 
SiOiis  are  still  heceSsapy,  but  rj^  tails  very  rapidly  as  the  temp* 
erature  ihcreasesi  and  the  probability  of  the  spontaheous  produc* 
tioh  Of  bubbles  soon  becoffies  appreciable*  At  high  temperatures 
suitable  nuclei  can  arise  from  phase  fiuctuationsi  the  theory 
119*113  Shows  that  the  .probability  of  producihg  a  nucleus  of  cri¬ 
tical  size  is 


a;  of  exp 
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in  which  V  and  q  are  the  volume  cheuige  and  latent  heat  of  the 
transition,  Tg  is  the  boiling  point,  AT  =  T  *  T^i  and  T  is  the 
actual  temperature.  This  w  increases  rapidly  with  AT* 

The  rate  of  production  of  vapor  in  normsJ.  boiling  is  govern¬ 
ed  by  the  rate  of  intake  of  heat*  Here 

Q  =  itvtnqo, 

in  which  n  is  the  number  Of  points  at  which  bubbles  are  fermed, 

•iil>  is  the  number  of  bubbies  formed  per  sec  at  each  point,  m  is  the 
amount  of  vapor  in  a  bubble,  and  q^  is  the  latent  heat  of  evapo¬ 
ration* 

Heat  flowing  in  through  a  free  surface  accelerates  evapora¬ 
tion  at  that  surface  but  does  not  cause  boiling.  The  effects 
discussed  for  oil  products  occur  when  the  product  prevents  the 
water  from  evaporating,  the  heat  arriving  mainly  via  the  oil. 

The  water  becomes  heated  above  100*  if  there  are  no  nuclei  at  the 
surface;  steam  bubbles  appear  in  the  liquid  at  higher  tempera¬ 
tures,  and  these  expand  rapidly.  The  expansion  may  be  suffici¬ 
ently  violent  to  eject  the  oil  if  the  temperature  is  high.  The 
superheated  water  contains  a  large  amount  of  stored  heat,  which 
is 

Q  =  <?:p  (b  —  Ok)  sd?, 

0 


in  which  c,  and  are  the  thermal  capacity,  density,  and  boi¬ 
ling  point,  z  is  the  distance  from  the  free  surface,  zris  the 
temperature  at  that  distance,  Zp  is  the  thickness  of  the  layer  in 
which  nnd  s  is  the  cross-section  of  the  layer* 

Ejection  occurs  when  Zq  is  small  in  laboratory  tests,  be¬ 
cause  the  temperature  in  a  burner  varies  rapidly  with  depth  in  a 
burnar,  as  (2*55)  shows.  Large  quantities  of  liquid  may  be  ejec¬ 
ted  from  storage  tanks;  here  the  homothermal  layer  causes  a  rapid 


d'dwnward  tr^ansfei?  of  fceat  to  the  hOMtdai'y*  which  sapeif*he.ats  the 
water*  wheh  the  boundary  feachea-  that  liquid.  Here  the  layera 
are  very  much  thicker.,  but  the  pheniomena  are  essentially  the  Barae 
aa  for  burners.* 


Superheating  of  the  water  is  certainly  the  cause  of  ejection 
for  oil  products}  the  water  must  be  removed  or  prevented  from 
becoming  suiperheated.  The  latter  is  possible  if  suitable  nuclei 
are  introduced  in  good  time,  for  aormsil  boiling  can  conimenee  when 
the  boiling  point  is  reached,  so  superheating  and  election  are 
prevented^  Special  studies  are  needed  to  establish  the  best 
type  Of  material  to  use  fOr  hUclei  in  each  particular  case. 

The  surface  temperature  of  the  burning  liquid  is  somewhat 
below  the  boiling  point,  and  the  temperature  decreases  with  depth, 
so  a  homogeneous  liquid  cannot  become  superheated  and  boil  over. 
These  effects  can  occur  when  a  second  (largely  insoluble)  liquid 


of  much  lower  boiling  point  lies  underneath.  Suspended  water  in 
=  an  oil  product  has  prottounced  effects  on 

the  rate  of  cOmbustioni  the  surface  tempera^ 
®  turef  and  the  development  of  the  homothermal 

^  layer.  This  suspended  water  may  cause  the 

o  oil  to  boil  over  the  side  of  the  tank. 

o 
p 

o 

O 


69.  Eva-^ 
poration  of  a 
drop  of  water 
in  very  hot 
machine  oil. 


Blinov's  experiments  Of  195°  illustrate 
the  behavior  Of  water  droplets  in  hot  oil. 

A  glass  tube  (vertical)  5  cm  in  diameter  and 
70  cm^  long  was  used;  the  middle  part  was 
fitted  with  an  external  heater,  and  the  tube 
was  filled  with  machine  oil,  which  was  hea¬ 
ted  to  I4O-I8O* .  Small  drops  of  water  were 
allowed  to  enter  the  oil,  where  they  fell 


slowly.  At  140-150°,  some  of  these  evolv¬ 


ed  a  train  of  small  bubbles,  as  shown  in 
Fig.  69.  The  nufflber  of  drops  doing  this  inereased  with  the  tem¬ 

perature;  this  caused  the  oil  to  overflow  at  the  top  of  the  tube. 
This  type  of  slop-over  tu  found  with  oil  products  (including  ben¬ 
zine)  and  crude  petroleum. 


References 

1.  Hall.  Boiling-over  of  Crude  Petroleum  Burning  in  Tanks. 
Mech.  Eug.,  itZ,  No.  7,  1925. 

2.  Burgoyne  and  Katan.  The  Burning  of  Petroleum  Products  in 
Cpen  Tanks.  J.  Inst.  Petroleum,  No.  279»  1947. 

3.  P.  P.  Pavlsv  and  A.  M.  Khovanova.  0  gerenii  neftei  i  nefte- 
produktakh  so  avobednoi  poverkhnosti  (Burning  of  Petroleum 
and  Petroleum  Products  from  a  Free  Surface).  Baku,  1955. 

4.  G.  N.  Khudyakov.  Yavlenie  vybrosa  tyazhelogo  zfaidkogo 
topliva  pri  gorenii  ego  so  svobpdhgi  poverkhnosti  (Ejection 
of  a  Heavy  Liquid  Fuel  Burning  From  a  Free  Surface).  Izv, 


162 


Aicadi  Nauk  SSSR»  OW*  N&*  5*  1950* 

V»  li  Bliiiov*  0:  Jrayleftii  ^ylrSaa  goryttchei  pfi 

gorenil  (Soiling^bvei*  of  a  Burninig  *  liv*  Akad. 

Nauk  SSSR*.  OTN,  No*  2*  1955. 

H*  A*  LeoatoviGte*  Vvedenife  v  teraodinamika  (latrodacfeion 
to  Tharmodynamies;)  Moscow,  publ  .  dosfeekhiisdat  ,,  1950. 

0*  Di  Khvol  '  son.  •  Kura  fialki  (l?extbook  of  PhysiOa) ,  vol* 

5,  1919* 

E*=  I.  Nesis.  Kipenia  v . gOLal 'aykb  ■U'sloryiyak^  (Boiling  under 

Real  Gonditions).  Zk.  fekih«  Fiz.,  23.,  No.  9,  1952. 

If  a.  I.  Frenkel 'i  Obshchaya  teOriya  keterof  agnykh 

flttktuatsii  i  predperekhodnykK  yavlenii  (General  Theory  Of 
Heterophase  Fluctuations  and  Pre transition  Effects).  Zh. 
Efcsper*  feoret*  Fiz.,  2,  952,  1939* 

i.  Landau  and  E.  Lifshits*  Statisticheskaya  f  1  zika  (Sta-i^ 
tistical  PhysiGs).  Moseow,  publ,  GOstekhizdat ,  1951* 

V*  G*  Levich*  Vyedenie  y  statisti.Ghesfcuyu  fiziku  (Intro¬ 
duction  to  Statisticai  Physics)*  Mdscdw,  publ*  GOstekhiz¬ 
dat,  1950. 

A.  0*  yurkov.  gybrosy ^  goryachikh  nef teproduktov  v „ svyazi 

8  ttakhozhdeniem  v  nikh  vOdy  (Ejectioh  of  Burning  Oil  Pro¬ 
ducts  in  Relation  to  the  Presence  of  Water).  Meftyanoe 
KhOzyaistvO,  1927. 

G*  M*  MamikoyantS  and  N.  K.  Paul'*  Prichiny  vskipaniya 
i  yybrOSa  geryashchei  nefti  iz  rezervuara  i  bor’ba  s  nimi 
(Gauses  Of  Boiling-Over  and  Ejection  of  Burhihg  Crude  Petro- 
leum  in  a  Tank  and  Metbeds  of  Dealing  with  thein).  Ibid., 

No.  10,  1926. 

R.  F.  Larson.  Factors  Af fee ting  Boiling  in  Liquids.  Ind. 
Eng,  Ghem.,  No*  10,  1945* 


I^ajct  f far e« 

EXf INCtfON  Of  FLAMES  FROM  Ll^tJIBS  IN  VESSELS 

A  burning  liquid  caii  be  extinguished  by  acting  Cn  the 
liquid  dr  on  the  flame*  The  liquid  will  cease  to  burn  if  its 
surface  temperature  falls  beldw  the  ignitidn  temperature; 
there  is  nci  heed  to  cddl  the  whole  bulk  of  liquid*  It  may  be 
sufficient  to  stir  the  liquid,  as  only  a  heated  surface  layer 
is  involved;  alternatively,  the  surface  may  be  sprayed  with 
water* 

The  flame  dies  away  if  the  Supply  of  vapor  decreases; 
the  supply  is  reduced  if  the  hot  liquid  is  covered  with  a  thin 
layer  Of  an  incOmbastible  one,  for  the  diffusion  Coefficient 
for  a  vapor  in  a  liquid  is  very  low*  A  very  thin  film  of 
liquid  may  be  sufficient  to  extinguish  the  flame*  A  foam  can 
act  in  this  way,  as  we  shall  see,  though  often  rather  poorly. 

The  burning  may  cease- if  heat  from  the  flame  is  prevented 
from  reaching  the  liquid,  but  the  method  is  of  little  practical 
interest,  for  it  has  been  found  120]^  that  the  temperature  of 
the  liquid  has  scarcely  alteiod  10  min  after  the  flame  is  extin'^ 
guished.  Even  if  the  flow  of  heat  is  stopped,  the  hot  liquid 
will  continue  to  evaporate  and  support  the  flame  for  a  fair 
time  . 

The  burning  may  stop  if  fbe  normal  conditions  are  dis^ 
rupted,  though  this  is  practicable  only  in  certain  cases  where 
a  fine  spray  of  water  may  be  used;  the  droplets  evaporate  and 
cool  the  flame,  while  the  steam  dilutes  the  reactants,  the  re-? 
suit  being  that  the  flame  goes  out* 

The  above  are  the  general  methods  of  extinguishing 
flames,  which  are  cottsidered  in  detail  below. 


Extinct ion  by  Stir ring 

1.  in  1903  itonan  tl'l  concii^jned  that  the  cdmhUstion  of 
a  liquid  can  he  retarded  or  stopped  hy  stirfing,*  hut  the  oethod 
did  hot  find  practical  application  at  that  time;  it  was  hot 
tested  until  about  fifteen  years  ago  £2*6 |i  A  yet  of  air  may 
he  used  to  stir  the  liquids  The  first  application  was  to  oil 
products  in  tanks  ih  which  an  air  jet  was  Used  in  the 

first  series  of  trialSi,  and  a  jet  of  the  liquid  itself  in  the 
seconds  The  air  or  liquid  was  admitted  through  packing  at  the 
bottom  of  the  tank«  in  some  cases  the  flame  was  extinguished 
with  liquid  drawn  from  the  lower  levels  and  sprayed  from  above  * 
The  various  methods  were  equivalent  in  their  effects^  These 
tests  served  to  estabiish  the  conditions  under  which  the  fire. 
couLd  be  put  outi  although  the  mechanism  was  diseussed  only  in 
.general  terms. 

Sukhov  and  Kozlov  |4]  made  tests  on  the  extinction  of 
burning  qil  products  with  air  jets  at  TaNlIPp  in  1'953;  tanks 
80  and  26P  cm  in  diameter  were  used.  The  time  to  extinction 
was  measured  as  a  function  of  air  flowy  depth  of  liquid,  and 
packing  (size,  amount,  and  position).  The  results  were  not 
aneilyzed,  and  no  deductions  as  to  the  mechanism'  were  made. 
Further  tests  on  the  new  method  were  done  on  large  tanks  at  the 
same  institute  in  191^;  the  report  contains  a  discuasion  of 
the  motion  induced  by  the  stirring.  it  was  considered  that 
the  vortices  set  up  by  the  air  jet  ean  be  taken  as  confined  to 
a  cone  whose  vertex  angle  a  is  dependent  on  the  viscosity,  the 
method  being  successful  If  S  htanCiq}  ,  in  which  h  is  the  depth 
Of  the  liquid  and  k  is  the  radius  of  the  tank. 

In  1936  Pavoloy  and  Sukhov  £5|  published  reaults  obtained 
in  1954  in  Baku;  here  im  attempt  was  made  to  deduce  from  theory 
the  extinction  conditions  for  dil  products  as  functions  of  depth 
And  diameter.  Pavlov  has  Since  continued  this  work  £6-83. 

In  1958  there  appeared  studies  £9,103i  of  the  stirring  pro.- 
duced  by  jets  0#  air  and  liquid,  with  results  on  the  extinction 
times  for  some  oil  proiducts.  These  times  T  were  defined  as 
those  necessary  to  reduce  the  temperature  of  the  Surface  layer 
below  the  flash  point;,  a  relation  between  T„  H,  emd  the  air 
flow  rate  V  was  demonstrated.  These  studies  have  been  extend-' 
ed  ell'll?!,  and  fresh  evidence  has  been  obtained  on  the  hydro¬ 
dynamics  of  the  precess,  with  special  attention  to  the  critical 
conditio-ns  for  extinctiOH'.  It  was  found  that  heat  transfer 
from  flame  to  liquid  plays  a  major  part,  that  the  result  is 
governed  by  the  mean  speed  ©f  the  liquid  at  the  free  surface 
(i.e. ,  by  the  time  ^  for  an  element  of  liquid  to  pass  from  the 


center  to  the  edge),  and 
that  the  flame  was  extih~ 
guis  hed  only  when  "t  ^ 
ithe  Critical  time),  fhe 
numerous  experimehtal 
results  were  examined  in 
the  light  of  the  theory 
of  similitude  to  derive 
ah  empirical  relation 
between  ,  V,  h  ,  a  n  d  d 
(the  diameter) •  it  was 
shown  that  does  not 
depend  on  the  method  of 
fflixing;  it  depends  only 
on  the  initial  tern"!- 
perature,  and  on  the 
nature  of  the  liquid. 

There  are  effects  of  h 
and  d  Oh  T,  but  the  criti¬ 
cal  conditions  remain  un*- 
changed  if  ^  is  constant. 

Now  We  turn  to 
details  of  the  hydros 
dynamic  aspect,  espe¬ 
cially  for  stirring  by 
means  of  a  jet  of  the 
same  liquid. 

2i  fhe  motion  was 


Fig.  1.  Movement  in  a  liquid 
stirred  by  a  jet  of  liquid: 
a)  h  «  25  cm,  q  =  25  1/min, 
d  =  1  mm;  b)  h  =  kO  cm, 
q  a  2.5  i/min,  d  =  1  mm. 

avoid  distorting  the  pattern  of 
the  bottom  there  was  a  vertical 
vessels  were  filled  with  water, 
this  type;  .  the  water  contained 
was  close  to  one.  A  projector 
layer  passing  through  the  axis. 


examined  by  means  of  an 
open  plexiglas  cylinder 
50  Cm  in  diameter  and 
110  cm  high,  which  was 
contained  in  a  lucite 
tank  50  X  50  k  HO  cm. 
This  was  used  in  order  to 
movement  in  the  cylinder.  In 

tube  fitted  with  a  gauze.  The 

which  was  used  In  all  tests  of 
a  little  sawdust.,  whoise  density 
illuminated  a  thin  vertical 


The  water  entering  through  the  tube  entrained  the  part¬ 
icles;  the  pattern  was  photographed  every  i-2  sec  (Fig,  1). 
The  inflow  gave  rise  to  a  conical  flow  pattern;  the  vertex 
angle  of  the  cone  was  constant  at  about  10® .  Gomplex  vortex 
patterns  lay  betwoen  the  jet  and  the  wall . 
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studiis  w«te  ftade  with  «  tank  260  da  in  dia- 
aattr;  thia  waa  filiad  with  dieaai  dii^  and  a  jat  oi  tha  aaai 
dii  antarad  through  a  grid  at  tha  bottom.  ^a  apaad  at  pointa 
in  tha  tank  waa  maaaurad  with  a  iurtaav  gauges 

3.  Tha  obaarv'ations  ahowad  that  tha  bahavior  was  very 
naariy  that  of  a  turbuiant  jat  antaring  a  body  of  fliuid  of  the 
aama  natura*  ao  we  akail  uaa  tha  main  eoncapta  raiating  to  auoh 
iats  C17|<> 


Fig.  2.  Jat  antaring  a  body  of  fluid. 

Such  a  jat  is  termed  fras  and  ancioaed  if  it  antara  an 
unbounded  ma<iium  having  the  same  phyaioal  propartiaa.  A  tur¬ 
bulent  jet  contains  random  vortex  motions  that  travel  beyond 
the  limits  of  the  jet  and  entrain  the  surrounding  fluid.  The 
particles  leaving  the  jet  are  raplacad  by  ones  from  outside, 
which  retard  the  outer  layers;  there  is  a  transfer  of  moman^ 
turn  from  tha  let  to  the'  kody  of  fluid«  with  the  result  that  the 
masa  and  width  of  the  jet  incraasa  and  the  velocity  at  the 
boundary  falls. 

Figure  2  represents  soma  features  of  such  a  jet*  7ha 
boundaries  of  the  divergent  surface  meet  at  the  pole;  tha  con* 
stant-spead  core  bacomas  narrower  as  the  nozzle  is  left  behind 
and  finally  vanishes  at  the  transition  section.  fha  space  bet¬ 
ween  the  nozzle  and  the  transition  section  is  called  the  initial 
part;  that  beyond*  the  main  part.  fha  jet  spreads  out  in  the 
latter  part,  and  its  speed  falls.  The  distance  h^  (from  the 
initial  section  to  the  poie)  is  related  to  a^  (the  length  of  the 
initial  part)  and  to  the  angle  a  by 


in  wtiicn  is  the  rahiUS  of  the  nozzle, 
o 

The  velocity  distribution  tahea  the  same  ferm  in  all  sec¬ 
tions  of  the  main  part;  the  ratio  bf  the  velocity  u  to  the  velo 
city  at  the  axis  (the  difiensionless  velocity)  is  the  same  at 
all  Similar  pbints^  pkrthery.  we  use  the  ratio  of  the  distance 
r  from  the  axis  to  the  width  of  the  let  b;,  r/b  is  the  same  for 
similar  points*  Figure  3  shows  the  veloeity  distribution  in 
terms  of  these  parameters. 


The  relation  of  u  tp  e  (the  distance  from  the  nozzle  in 
the  main  part)  is  found;  oy  assuming  that  the  momentum  remains 
constant  in  all  cross-^sections;  then 


m  ^ 

^  udfn  ^  j  ^  const, 
0  0 


in  Mhlch  dffl  is  the  mass  of  liq^uld  flowing  thraugh  the  cross- 


aeetidn  in  unit  time,  f  is  denSiiy,  ftud  4#  is  the  arsa  of  an 
eioiiient  in  ths  cro88-»aeotion*  fhs  conditictn  for  the  eonaer- 
vation  of  laonentUiii  in  an  axialiy  ayametric  j#t  may  he  put  aa 


G  /  ■  iL  V  ^ 

3  I  “m  I'  iSf  T 


=  const. 


(5*1> 


in  which  X  is  the  diatance  to  the  pole«  Now  u/u^  ia  a  func¬ 
tion  of  r/x  aipne«  by  virtue  of  the  abovet 


u 


0*2) 


ao 


^  I  u  ^  *  r  dr 

'  V^T  /  ^  ^ 


constr 


0*3) 


Then  the  veiocity  at  the  axis  is 

const 

U  m  -r- 


it  is  uauai  to  use  the  above  a  inatead  of  x,  in  which  case  the 
difflenaioniesa  axiedi  yeiocity  may  be  put  as 


0,96fib 

Ho  ~  n*  .  A  AA  dii  '  0*'5) 


in  which  a  is  a  constant  whose  value  varies  with  the  structure 
of  the  flow  in  the  initial  sectiono  being  Q.O?-O.Oi  for  a  cir¬ 
cular  nozzle;  u^  is  the  veiocity  in  this  sectipn. 

Now  we  calculate  V,  the  flux  at  any  croas-«ection  of  the 
main  part: 


b  1 

V  ==  ^  U.2«rdf  =  2a6%«|  ^  r'dr'. 
0  0 


\  JLf'  dr' =  1,14, 


8,0  (3*5)  gives  us  that 


.(3.4) 


In  conclusion,  We  must  point  out  tteat  the  above  resuits 
reiatej  to  turbulent  gas  flows. 

kt  The  main  ideas  for  free  Jets  can  be  applied  tC  the 
confined  Jets  used  in  stirring  burning  fuel.  The  results  in 
this  application  are  as  follows.  Figure  4  £14]  shows  the  velo¬ 
city  distribution  in  terms  of  the  distance  from  the  axis  of  the 
tank  (abscissa}  and  the  vertical  component  of  the  velocity  (u) 
or  the  distance  to  the  inlet  (h) .  Here  we  find  two  types  of 


Fig.  4.  Velocity  distribution  in  ^igt  5.  Velocity 

a  Jet  of  liquid  confined  in  a  profile  in  a  Jet. 

liquid. 

curve,  one  which  falls  rapidly  to  zero  and  the  other  which 
falls  rapidly  at  first  but  then  runs  parallel  to  the  abscissa 
for  a  long  way.  The  sharply  falling  parts  in  both  cases  re¬ 
late  to  the  motion  in  the  jet,  while  the  other  parts  are  the 
result  of  interaction  between  the  Jet  and  the  walls. 

Figure  5  shows  u/u^j^  against  r'  =  r/b;  the  yarious  sym¬ 
bols  relate  to  yariGus  experiments  on  the  main  part  of  the  Jet, 
while,  the  full  line  relates  to  a  free  Jet  (I?]-.  The  two  velo¬ 
city  profiles  are  clearly  similar,  and  u/u^  is  a  function  of  r’ 
only: 


17C 


in  wMch  f(r')  ie  ttlinost  titd  same  for 
pole  of  tile  oonfined'  jet  la  defined  by 
cone*  but  tbe  considerable  uncertainty 


6*  Relation  of  Uj.  to  s. 


botb  tyfee  of  jet.  The 
the  boundaries  of  the 
in  these  Causes  the  pol^ 
to  be  located  only 
roughly*  The  a  for 
this  case  is  about  10® ^ 
though  this  tends  to  be 
low^  oh  aceount  Of  poor 
in  the  velo 

gauge . 

Fijpire  V6  show  U 
a  fUnetiOh  of  s;. 
remains  constant  (as 
a  free  jet)  near  the 
noz  zl e ,  the  „  behavior 
for  the  main  part  being 
described  by 


as 


m 

“m 

In 


(M) 


in  which  b^  is  a  function  of  V  ,  the  rate  of  influx.  This 
shows  that  the  axial  speed  falls  Off  more  rapidly  with  s,  which 
is  a  result  of  gravitational  fprces  (these  oppose  the  upward 
motion  of  the  liquid} .  The  flow«  ihcluding  the  entrained 
liquid,  is  given  by 


b 

r  =  $  2mudr  ~  u„m, 
0 


in  which 


J  ^  tn 


This  1  is  the  ssme  for  all  sections  and  is  close  to  One;  there 
is  very  little  error  if  we  put  that 


(3*9) 


fhisi  with  fiihows  that  the  flow  increases  with  s*  hut  not 

very  rabidly* 

§i  Petrov  and  Seatt  have  meaSuFed  nf  (the  travepsai  time) 
for  tanks  30|  M6Q,  and  2240  em  in  diameter I  the  liquids  were 
water,  kerosene,  and  diesel  oili  A  rotameter  measured  the  sur¬ 
face  Speed  V  as  a  function  of  r;  Fig*  7  shows  the  results  from 
one  run.  Here 

'‘im’'  ».«) 

0 

in  which  R  is  the  radius 
of  the  tahke  Gra|)hicaX 
integration  was  used. 

In  some  Ganes»  was  mea¬ 
sured  with  a  stopwatch 
and  cork;  the  method  is 
not  very  precise |  for  the 
values  show  a  large 
spread 1  and  at  least  50 
measurements  must  be  made 
for  each  point. 

Phis  is  a  function 
of  u  (the  speed  at  the 
iniet),  the  diameter  of 
the  inlet  d  .  the  dia^ 

. . .  'C  '  " . 

meter  of  the  tank  d*  and 
the  depth  h: 

t  -  /  (ft.  (^0.  rf.  dc). 

These  five  parameters  aay  be  formed  into  the  three  dimension^ 
less  quantities 

UuX  Jt 
d  ^  \d  ^  ~if  ' 

The  jet  is  turbulent,  so  viscous  frictlpn  may  be  neglec¬ 
ted;  ^  is  then  independent  of  the  nature  of  the  liquid  to  a 
first  approximation,  and 


ZO  U6  60  W  ^00  r.tM 


Fig.  7*  Flow  rate  at  the  ^suffaGe 
of  a  stirred  liquid;  vess;el  dia- 
metef :  1)  tm;  i)  13  ir#; 

5)  24  mm. 


This  means  that  u^'t/d  must  he  constant  fur  given  h/d  and  d  /d* 

Figupe  8  shows  results  for  the  tank  2^0  em  in  diameter 

for  the  three  iiquids  for  three  ii^ets;  cleariy«  ^  is  not 

dependent  on  the  natupe  of  the  liquid^,  but  it  does  vary  greatiy 

with  u  and  d  ^ 
o  c 


Fig.  8.  Helation  of  to  U-.  Fig.  9*  Belation  of 

d  (mm):  1)  26;  2)  15;  u  T;/d  to  d/d  . 

®  3)6.5.  °  ' 

There  is  no  effect  of  h/d  on  't.  Further^  Fig.  9  shows  that 

u  <t/d  is  propOrtipnal  to  d/d  ,;  the  results  give 
O'  ■  c 


in  which  a  is  0.0725. 


t  —  a 


(5.12) 


This  is  applicable  for  d  from  50  to 


2240  cm  for  h/d  ^0.2  and  d^/d  ^  O.OOI8;  it  is  stated  that 
(3.12)  is  applicable  for  any  injeetion  system  if  d  is  re^ 
placed  by  the  equivalent  diameter  4^. 


6.  The  hydrodynamic  picture  is  more  complex  if  air  is 
used;  here  we  have  a  two^sphase  jet,  which  dees  not  follow  the 
laws  for  a  single-phase  jet,  although  there  are  certain  points 
of  resemblance.  Seyerai  studies  have  been  made  of  the  hydro¬ 
dynamics  of  the  process  E9»,11i-133;  the  main  results  are  as 


fdllewiBi 

The  velocity  distrifeutioh  in  the  liqiuid-  has  beeh  examined 
|9|  by  means  of  the  transpafent  model  described  above;  the  gen¬ 
eral  pattern  was  very  mach  that  shov.n  in  Fig*  1»  The  angle  of 
the  cone  Was  constant  at  about  10*^  *  The  jet  showed  strong 
puisatiOne;;  the  height  and  position  of  the  raised  area  at  the 
surface  varied  rapidlys  The  motion  in  the  space  between  the 
jet  and  the  wall  was  also  complicated;  this  was  of  toroidal 
type  and  encompassed  all  the  liquid  if  h  ^  B,  but  the  toroid  was 
confined  to  the  upper  part  if  h  >  B,  the  thiokness  of  this  part 
being  constant  and  roughly  equal  to  B.  Complicated  movements 
ocGUrred  between  the  bottom  and  the  toroid;  the  center  of  the 
left  part  of  the  toroid  would  fall,  and  the  right  would  risOi 
whereupon  the  Water  flowed  downwards  on  the  left  under  the 


Fig.  10.  Instrument  for  recording  pulsations  in  a  flow. 

toroid,  upwards  at  the  wall  On  the  right,  and  then,  at  the 
boundary  of  the  toroid,  back  to  the  axis.  Then  the  two  halves 
Would  change  positions,  and  so  on.  Sometimes  vortices . arose 
briefly  in  the  lower  part.  These  jets  were,  of  course,  turbu^ 
lent . 

Petrov  and  Beutt  [12]  have  examined  the  motion  within  the 
jet  by  means  of  the  special  strain-gauge  device  shown  in  Fig. 
10;  here  2  is  a  steei  plate  bearing  the  wire  strain  gauge. 

One  end  of  the  plate  is  held  by  the  rod  1,  the  other  bearing  on 
the  needle  in  the  support  ring  7*  Bod  1  is  joined  to  the 
disc  6  and, can  perform  small  movements  about  its  axle,  which 
is  held  in  the  bearings  3  within  the  body  The  rod  and  disc 

are  balanced  by  the  weight  5.  This  instrument  detects  larger 
scale  pulsations,  which  contain  most  of  the  energy;  it  records 
flow  rates  from  10-15  cm/sec  upwards.  The  motion  is  recorded 
on  a  narrow  paper  strip  by  an  MPO-2  oscillograph. 

Studiea  were  made  on  diesel  oil  in  a  tank  ?•£  cm  in 


di^etfer;  h  was  WS  cm  and  d  was  2$  min  (aacial)  .  The  disc 
was  set  at  right  angies  to  the  flow  direction <  Most  of  the 

ffleasurements  were  made  on  the  axis  of  the  aet;  fig^  11  shows 
recordings  for  a  flow  rate  of  3.5  l/sec»  The  type  of  fluc¬ 
tuation  is  clearly  very  much  dependent  on  s,  for  there  were 

regular  Oscillations 
whose  amplitude  and  fre-r 
quencyr  were  functions  of 


flow  rate  at  distances 
of  10 i  20,  and  30  cm. 

The  motion  became  more 
randoffi  at  large  dist¬ 
ances^  few  regular  fea¬ 
tures  being  apparent  at . 
80  cffij  although  two  fre- 
quenGies  (one  low^  one 
high)  persist  at  §0  and 
120  cm* 

Photographs  of  the 
inlet  show  that  a  large 
air  bubble  is  formed 
near  the  inlet;  the 
upper  part  is  struck  by 
the  jet  of  incoming  air^ 
and  this  gives  rise  to 
many  small  bubbles*  The 
cavity  enlarges  and  ex¬ 
pands  upwards;  the  num¬ 
ber  of  small  bubbles 
increases j  but  these 
soon  break  away  in  a 
body  to  leave  the  bubble 


Fig.  11.  Pulsations  at  distances 
from  the  inlet  (cm)  of;  a)  10; 
b)  20;  c)  30;  d)  80;  0)  120* 

The  points  are  time  marks  at 
intervals  of  2  sec . 


as  it  was  at  the  start 
(Fig.  12).  The  fre- 
queney  of  this  process 
increases  somewhat  with 
the  flow  rate .  The 
groups  of  bubbles  entrain 


liquid;  they  graduaily  disperse.  The  motion  in  the  jet  be¬ 
comes  highly  irregular,  partly  on  account  of  oscillation  of  the 
axis  of  the  jet  about  its  mean  position.  The  bubbles  are  also 
unevenly  distributed  within  the  jet.  The  low-frequeney  oscill 
ations  are  caused  by  the  groups  of  bubbles;  the  high-frequency 
ones,  by  the  individual  pubbles. 


Blinov  et  al  119]  have  derived  some  empirical  laws  for  the 


velocity  distribution  in  such  jet si  4  Burtsev  rotameter  was 
us  e'd  wi  th  Wil  t  Sr  in  a  t  ank  2'»6  in:  in  diaise  taF  *  Figur  e  i3  shows 
the  resuite  from  one  Series,  the  velocities  being  the  vertical 


Fig.  12.  pulsation  of  the  air 
Cavity  at  the  inlet. 


V eloc i ty  dis  t r ib u t ion 
in  such  Jets;  a  BUftsev 
rotameter  was  used  with 
water  in  a  tank  2.6  m 
in  diameter.  Figure  13 
shows  the  results  from 
One  series,  the  velo¬ 
cities  being  the  Verti¬ 
cal  Components  for  the 
heights  shown.  The 
curves  are  comparable 
with  those  of  Fig.  4, 
and  here  again  we  find 
two  types.  The  Compo¬ 
site  curves  contain 
parts  related  to  the 


Fig.  13.  Velocity  profiles  for  a 
vertical  air  jet  in  a  liquid; 
h  =  1.25  m,  d  ^  25  mm, 
q  =  2.1  1/sec. 

Bepresentation  in  dimensipnleas  terms 
we  have  that 


jet  and  to  the  liquid 
between  Jet  and  wall. 

The  parts  for  the  Jet 
alone  are  shown  by 
broken  lines  at  the 
flanks .  These  curves 

Show  that  the  boundaries 
of  the  jet  lie  on 
straight  lines  that  meet 
at  an  effectiye  pole, 
which  lies  below  the 
inlet.  The  angle  a 
between  the  axis  and 
any  such  line  is  13°, 
no  matter  what  V  (the 
flow  rate)  may  be,  prp.. 
yided  this  is  less  than 
1  1/ sec . 

Figure  14  shows 
the  velocity  as  a 
function  of  distance 
from  the  axis;  the 
signs  relate  to  the 
various  experiments, 
shows  clearly  that  here 


ill  which  f(r')  is  the  seune  fof  all  runs*  The  pfciile  is  very 
similar  to  that  for- a  siagle-phase  uhconfined  ^'et» 

Figure  15  shows  how  varies  with  s ;  for  s  >  50  €«,  u_ 
is  cohstant*  This  is  very  Sifferent  from  the  behavior  of  a 
free  let;: 


Fig.  14.  Velocity  profile  across 
the  let  when  a  liquid  is  stirred 
With  air 4 


Fig.  15^  Velocity  at 
the  axis  as  4  functioh 
of  distance  from  nozzle. 


u  is  constant  on  account  of  the  lift  provided  hy  the  air 
bubbles •  Now 


in  which  h  auid  g  are  as  above,  and  a  is  independent  of  V^  and 
h  but  is  a  function  of  d^.  The  flow  of  liquid  is 

!  * 

V  'umrli  $  2}if'/  (r'l,  dr'  =?  «7„r|/, 

0 

in  which  I  represents  the  integral*  which  is  found  to  be  1.05* 
so  we  say  put  that 

V  -  #m4  -  +  M  W  a  a  8> 
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Hea^ixremeMs  have  been  aade  of  the  horizontai  veiocity 
eomponent  t  m  froin  the  axie  in.  the  top  layer «  which  gives  the 
flow  Q  in  that  layer  (Figs.  f6  and  i?);  here  G*  is  G  for 
V  =  6  l/sec.  fhe  pointa  fit  the  curve  of  Fig»  well;  GCV^J 
is  the  product  of  two  functions^  one  eontaining  only  h  and  one 
eontaining  only  V^: 


e,ifsic 


h 

Fig*  17>  Flow  of  liquid  in 
top  layer  for  a  eonstaot 
air  flow. 

To  a  first  approxiination 
A  more  accurate  expression  for  GCV^)  is 

6  -  (p  (/i)  (1 

Figure  17  shows  that  G(h)  has  an  intermediate  maximum; 

G  >y  at  all  times*  because  the  flow  at  the  surface  includes 
liquid  tahing  part  in  the  yortex  motion  between  jet  and  wall* 
Also*  G  °e  V  over  sections  OA  and  BC*  so 
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Fig*  l6.  Flow  of  liquid  in  top 
layer  as  a  function  of  air  flow* 


in  which  b  is  a  constant. 


Petrov  and  Beutt  havs  mads  many  measurements  of  t  [1:93; 
results  111*133  have  been  worked  up  by  means  of  the  method  of 
dimensions i  Reutt's  main  results  £113  were  used  in  con June - 
tion  with  boundary  conditions  and  hydrodynaffiic  equations  to 
deduce  a  system  Of  dimensiohless  parameters;  ReUtt  has  shown 
that  this  same  system  can  be  derived  from  general  arguments  * 
We  may  assume  that  the  mean  speed  at  the  surface  (i.e^*  't)  is, 
a  function  of  h*  d*  V  *  g,  ^(surface  tension)*  and  Af 
(  =  p  p' )  t  p  being  tSe  density  of  the  liquid  and  p'  that  Of 

air*  if  we  take  d  as  the  main  parameter,  we  get  the  dimen- 

sionless  quantities 


gd  •  "  ~  d»A:p  ’ 


Vq-P' 


//  - 


JL 

d  • 


These  may  be  related  as  in 

,Q.  (3*13) 

Now  the  quantity  on  the  left  is  simply  Pr,  while  if  is  iSeber's 


(3.14) 


number  We; 

Petrov  and 

Reutt 

£133 

introduced  1 

derive  the 

relation 

ill 

[rf'Ap  ] 

in  which  Ay  B,  m*  n*,  and  k  are  found  empirically  as  1.26  x  10  , 
0.8l  X  1p^  ,  1.33»  0,42*  and  0,85.  fhe  results  are  Worked  Up 
to  give 


(3.15) 


Here  a’  and  n  vary  with  the  liquid;  C,  and  m  are  the  same 

for  water,  kerosene,,  and  diesel  oil,  while  is  given  by 


in  which  p^  is  the  atmospheric  pressure. 


Equation  (3*15)  is  applicafeie  even  when  the  air  is  fe4  in 
at  the  side  oi?  thfetigh  severai  tubes. 

it  is  no  atcident  that  the  viscosity  does  not  appear  in 
(3*1^)*  iar  the  viscosity  is  assumed  to  have  no  great  effect;:  a 
mixture  of  crude  oil  with  diesei  oil  has  about  four  times  the 
viscosity  of  diesei  oil*:  but  “t  is  unaffected*  while  Pavlov  £83 
finds  that  a  tOO-fOld  increase  in  viscosity  demands  only  GQ% 
more  air  to  produce  extinction.  This  worK  of  Pavlov's  deals 
prineipally  with  the  effects  of  viscosity  in  this  method;  exten¬ 
sive  experimental  results  are  given*  Unf ortunateiy *.  lack  of 

certain  vital  details  prevents  us  from  using  these  results. 

The  above  relationships  are  cumbrous;  moreover,  the  vis¬ 
cosity  does  have  a  certain  effect.  We  now  examine  whether  a 
simpler  equation  ihCorpOrating  the  viscosity  can  fit  the  results. 
Blinov's  results  in  this  context  are  as  follows* 

The  formula  must  contaih  dimensionless  combinations  of  h, 
V^,  d,  4|>*  *5*  g,  and  d^,  e.g. 


/  h  cP  f  ip 


Fig#  l8#  Relation  of  log  't 
to  log  cp> 


in  WiiiC'h  i  is  4 
linear  dimension ^ 

•)  =  (the  kine^ 
ma t id  vise  oai t  y ) j 
and  is  t  h  e  vis  cos 
ity.  (The  density 
of  air  is  neglected 
relative  to  the  den^ 
sity  of  the  liq^uid.) 
Petrov  and  Reutt^s 
results  show  that 


and  that 

T  =.  /  (ij,). 


Figure  l8  shows 
results  from  thirteen 
runs  with  water, 
kerosene ,,  diesel  oil , 
and:  crude  oil  mixed 


with  ditsei  oil 
aii*  feed)  *  No 


t  o  ^0  l/sec , 
line  iff 


for  tanks  of  diameters  2.6 
points  hate  been  omitted;; 


aai'd  22.4  m^  (central 
Vv  Varied  from  Q.J 


and  by  four  orders  of  magnitude*  The  straight 


lgv*0j345 


The  results  give  a  good  fit  to 


The  results  for  d  =  130  cm  deviate  systematically  from  the 
above  linei  the  deviation  (upwards}  increasing  with  h;  (3»1'6J 
iff  not  applicable  for  d  ^  2.6  m.  The  walls  may  have  a  pronoun" 
ced  effect  in  small  tanks. 

Equation  (3»i6)'  is  also  inapplicabie  if  the  air  is  fed  in 
from  the  sides «  though  the  results  are  satisfactory  if  the  in" 
lets  are  symmetrically  placed  and  if  the  equivaleut  diameter  is 
used.  Six  inlets  in  a  22*4  m  tank  give  an  equivalent  diameter 
of  0«?d^  so  several  such  inlets  are  more  economical  than  one 
central  one. 

The  df of  (5.l6)  ffhould  be  replaced  by  Xig/L)  ,  although 
this  I  is  not  d  or  4^;  perhaps  the  mean  size  of  the  bubbles  iff 
involved.  The  lack  of  suitable  results  prevents  us  from  decide 
ing  on  this  point,  so  (3»T6)  for  the  present  remains  unchanged. 

7.  Consider  a  rigid  parallelepiped  of  volume  dv  moving 
over  the  surface  with  the  mean  speed  of  the  liquid;  the  liquid 
inside  is  in  continuous  exchange  with  that  outside,  and  So  the 
internal  temperature  will  vary  eontinuously  from  (inifeial) 
to  some  final  value.  This  last  is  governed  by  the  heat  receive 
ed  from  the  flame  and  by  the  heat  lost  as  a  result  of  the  tur" 
bulence;  if  way  be  above  a  critical  limit  if  X  iff  large,  so 
the  flame  will  not  go  out.  Extinction  occurs  only  for  %  < 
the  critical  time. 

This  conclusion  f  14,15]  is  Gonfirmed  by  tests;  some  rs’^ 


suits  for  kerosene  are  given  below 
central  air  inlet. 

for  an  8 

.6  m 

tar^  having  a 

^  r  r  ,  .  :  .  1.8 

3.1  .3.3 

3,4 

4,4 

4.6  1 .3 

V,  l/sec  ......  51 

§8  53 

50 

26 

58.  47 

af,  sec  . .  8 

5.2  5.2 

5.2 

5.4 

4.0  IQ 

Result  ...... 

+  + 

+ 

-f- 

*T- 

^  8  eee.  ruliesr  feSuits  wefe  obtained 

by  meaSliirin'g  th#  time  to  ex  t  i  riot  ion  ^  the  resultB  being  extra- 
pblatea  to  the  britieai  V  tot  a  itven  h}  the  o'  for  this  V  was 
eaiculated  from  the  formulas.  fahle  3.1;,  aad  later  tables, 
give  the  results. 


Table  5*1 

2  *6  Tank  Stirred  with  Mr 

llep^MelumiaHMe  iiosAyxoM  d  ^2><6  M 


/l  ,  M 

'  MfW  \ 

,tb  *  ^ 

li 

;  ^  €  r 

lec  ! 

Fuel,  air  inlet 

12.08  ! 

i  0  .  34  ! 

>  29 

;  M'! 

;  Diesel  Oilj  centrail 

iw54  ; 

;  0,54  ; 

:  39  ; 

;  7.5; 

Ditto 

tM  : 

:  O  J7 

;  3t  ; 

7,6; 

;  Die'sel  oil,  side 

i.76  : 

Uo 

22  i 

7.8; 

Ditto 

2.08 

0.4 

15 

7.0 

’  Kerosene,  central 

i.30 

0^55 

9 

7  .0 : 

Ditto 

Here  we  must  add  that  the 
tanlt  is  less  thah  13  sec* 


n- 

to  a) 
and  b) 


Relation  of  't_ 


The 


for  diesel  oil 
for  kerosene. 

heat  received  is  dq  = 


22*4 

,  th< 

have  no  effect  on 
has  a  slight  effect, 

’Q  is  the  most  important 


<i:^  for  kerosene  in  a  22#n  m 
The  method  of  mixing,  the  depth, 
and  d^  all 

but  % 

parameter.  Figure  1f  shows 
for  diesel  oil  and 
kerosene;  clearly,  falls 
rapidly,  espeeially  as  the 
critical  ximit  ^  is  approa*^ 
cix ed .  S  t i r r ing^ tp  es  no  t 

extinguish  the  flame  if 

P  pc  • 

The  relation  of  to 
may  be  found  as  folfpws 

Consider  the  parallel.^ 
epiped  dv  as  before;  let  the 
time  taken  to  traverse  a 
radius  be  so  the  tempe rap¬ 
ture  w/hen  it  reaches  the  wall 
is  ^  ( p  r i t ie al ) •  The  burn¬ 
ing  ceases  in  this  ease • 

-  ^)dv;  of  this,  dq.  = 

_/T? 

R' 


do  is  received  from  the  flame  and  dq.,  = 


ds' 


is  received  frSM  the  adj&eent  Here  £  and  a  are  para¬ 

meters  of  the  ettisS-ion  from  the  flame  (temperature  f  ),,  ds'  is 
the  aretJthat  deceives  the  radiatidn,  a  is  the  heat-traiisf^P 
factor^  ^  and  ^  Mre.  the  mean  temperatures  of  the  liquid  uiider 
and  in  dw^  and  ds”  is  the  area  available  for  heat  transfer. 

The  law  of  conservation  of  energy  gives  uS  that 


=  dgi  4-  m* ;  pc  (d'e  —  <^o)  dV  ^  enrjte  ds^^  a  (d,j 
But 

-  >  dc  . 

These  two  .give  us  that 


d)tj  ds*.  (3»i7) 

(3*t8) 


<3*19) 


in  which  and  bp  are  Constants  dependent  bn  the  properties  of 
the  liquid^  the  flame,  and  the  conditibns  generally;  they  vary 
little  with  d  for  large  tanks  of  equal  burhing  time.  The  full 
line  in  Fig*  20  is  for  (3*19),  Which  fits  experiment  well* 

8*  The  flsme  dbeS  .not  go.  but  if  ;  the  extinctibn 

is  the  more  rapid  the  smaller  if  'f  <  .  The  conditibn 

T'  »  %  divides  the  two  states;  if  air  is  used,  we  must  have 

'0' 


(3.20) 


We  may  assume  that 
from  whieh  we  may  draw  so 
(3 *20)  gives  us  that 


is  independent  of  d  for  d  ^  2«6  m, 
interesting  cbnclusions •  Here 


1  ^eonst]/ ^  -bonst 


(3*21) 


in  which  is  the  specific  flpw  (the  {low  per  unit  Surface 
area);  then  h/d  is  clearly  a  function  of  and  d,  and  is  not 
a  constant,  althoiugh  this  is  commonly  assumed  to  be  the  case 


The  critical  conditions  give  us  that 


dP 


^  ^  A* 

OF,  if  d  is  constant i 


=  const  I  Vst 


■i  «<» 

const  p, 


..  i  .  t  const 

Voh'  =  const  h  =  ^ 


(3*. 


These  relationships  are  only  approximate,  being  empirically 
derived  from  numerous  experiments. 


The  boundary  conditioh  fpr  extinction  by  a  jet  of  iiduid 


is 


#  , 
t0e 


Const. 


This  gives  us  a  relation  between  critical  values: 

i  .  j  -  C  1^1  j 

I  j  =-  0  d'ci 


in  which  b'  is  a  conStaht  for  a  given  liquid},  this  implies  that 
V;  is  dependent  only  on  d^  (within  the  range  in  d^  that  has 
been  examined) . 

These  relationships  are  not  applicable  if  h  is  small,  for 
a  fountain  may  form,  air  channels  may  arise,,  and  So  on  [153. 

The  constants  of  (3«20)  and  (3»2^)  are,  of  GourSe,  fuaetiQns  of 

4- 

9.  It  is  usual  to  measure  the  time  f  to  extinGtion;  the 
relation  Of  T  to  'tf  is  important,  for  the  two  are  not  equal, 
though  they  have  a  unique  functional  relation  T  =  f (^) •  Now 
T  =  oofor  t:  s  %  ,  and  t  .^0  as '1^0;  these  requirements  are 
satisfied  by 


r- 


m 


(3,23) 


in  whieh  a  and  m  are  parameters. 

(Consider  the  use  of  airi  (3«i 

(3.25),  whereupon  we  have 


Qt 


!  is  inserted  in 


fli  = 


184 


in  wtoich  varies  with  the  liqiUii*  Unfortunately;,  we  have 
few  results  on  $  for  d  >  26O  Om,  So  (3,26)  cannot  fee  tested 
thoroughly,  but  such  results  as  there  are  for  T  £tO,,1'9|:  we 
shall  use.  Figure  20  shows  T  for  diesel  oil  and  d  -  2<6o  cm 
£10|;  the  crosses  denote  results  for  oil  that  had  been  burning 


Fig.  20,  Relation  of  T  Fig.  21.  Relation  of  T  to 

to  h^V  .  air  flew  rate. 

. o  . 

for  2  min,  while  the  Gircles  denote  0.4T  for  oil  that  had  been 
burning  for  30  min.  The  line  is  from  (5.26),  with  ®  =  2/3. 

The  points  ail  lie  near  the  csurve,  some  of  the  deviations  being 
the  result  of  errors  in  t  and  of  variation  in  Further,  a^ 

increases  with  tbs  time  for  which  the  liquid  has  been  burning. 
If  h  is  constant,  we  can  replace  (,3t26)  by 


and  if  V'  is  const  an  t,  by 


ExfeTiment  <;bnfit*ms  ’(3*2?)}  tlie  line  in  Fig*  21  (for  T 
ag&inst  tg)  rfepresents  (3*21),  the  ©oints  being  from  [20]; 
■Further,  v3.27)  is  the  same  as  a  formuia  given  previously  !| 
While  (3.28)  is  very  Similar  to  another  one 


The  existing  data  do  not.  allow  us  to  relate  the  a^  of 
to  d* 


n 

root 


SO 


: 

.  1  ; 

i  ; 

- _ A-  •  - :  -->--■ 

■i 

g  iS  >7  ^  % 

,g.  22*  Relation  of  T 

to  u  d  . 

G  C 

Fig.  25*  Motion  when  two 
immiscible  liquids  are 
stirred. 

10.  fhe  above  discussion,  in  conibnotion  with  (3.12), 
enables  us  to  put  for  liquid-. jet  extinction  that 


r  ^ 


b'  = 


b" 


■ 


(3*29) 


The  only  experimental  results  are  those  of  [193;  Fig*  22 
shows  T  against  u^dg,  the  curve  being  from  (3*29)  and  fhe 
various  signs  being  for  the  different  runs Here  n  has  been 
tahen  as  2/3;  (3*29)  fits  the  po.ints  well. 

11,  The  experiments  on  extinction  by  stirring  confirm 


the  theoretical  picture.  The  eclh  liquid  from  the  bottcm 
flows  Over  the  Burfacei  where  it  mixes  with  the  hot  liquid  aiid 
is  heated  by  the  flame,  If  ^  (the  iattfer  beihg  the  igfti- 
tioh  temperature),  the  flame  goes  out.  The  cold  liquid,  as  it 
were,  shields  the  hot  part  from  the  flame.  This  point  must  be 
streSised,  for  it  is  sometimes  iscorrectiy  supposed  that  the 
extinGtiOn  occurs  when  the  mixing  has  proceeded  sufficiently  to 
reduce  the  temperature  of  the  hottest  part  below  the  flash 
point . 

12.  The  above  experimehts  relate  to  tanks  corttaining  the 
combustible  liquid  alone;  in  practice,  there  may  be  another 
liquid  (such  as  water)  under  the  fuel#  our  picture  of  the  pro¬ 
cess  is  far  from  complete;  only  quaiitative  observations  have 
been  made  on  kerosene  floating  on  water  fiS];  in  the  above  trans¬ 
parent  tank.  Figure  25  illustrates  the  pattern,  which  shows 
that  each  liquid  is  stirred  separately;  the  mechanism  is  as 
for  a  Single  liquid,  but  the  stirring  is  reduced  for  a  given 
air  flow. 
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Extinction  of  Flames  from  Liquids  by  Means  of  Foam 

The  Russian  engineer  Loran  proposed  the  use  of  foams  in 
fires  caused  by  liquids  in  1904;  the  method  is  now  in  common 
use.  Up  till  about  19^0  or  so,  it  was  generally  believed  that 
the  foam'  extinguishes  the  liquid  by  preventing  aceess  of  air; 
in  1958  Bogdanov  fl]  argued  that  the  foam  'acts  by  isolating 
the  liquid  from  the  influx  of  heat'  and  that  'the  foam  acts  as 
an  insulator,  for  it  has  a  low  thermal  conductiyity  and  does 
not  transmit  the  heat' ,  which  inhibits  the  evaporation,  so  the 


flame  goes  oufe*  These  cottelttslOsftS  were  not  tested  hy  exfer imeht . 

In  1;95f  Ktodyakov  C,2]  shewed  that  Bogdanov's  conciusioas 
Were  incorrect  for  volatile  liquide}  the  cooling  action  Of  the' 
foam  stoi?s  the  hurning  only  if  the  top  layer  of  liqaid  is  cooied 


to  the  ignition  temperature ^  He 


Fig.  24.  Surface  temperature  of 
kerosene  during  the  extinction  of 
the  flame  by  foam. 

with  thermocouples  at  many  points, 
kerosene f  diesel  oil*  benzine*  and 


stated  that  'it  is  clear  that 
the  foam'  retards  the 
transfeT  of  heat  from 
the  flame  to  the  liquid 
and  also  cools  the  top 
layer*  but  these  effects 
only  reduce  the  rate  of 
evaporation;  the  flame 
continues*  for  the  flow 
of  vapor  is  sufficient 
to  maintain  it .  It 
may  be  that  the  foam 
also  retards  the  evapor¬ 
ation'  .  His  experi¬ 
ments  on  the  evaporation 
of  benzene*  xylene,  and 
the  benzene  fraction 
from  coal  tar  were  made 
On  surfaces  coated  with 
foam  and  also  on  un- 
COated  ones;  the  foam 
reduced  the  rate  of 
evaporation  very  greatly 
He  conciuded  that  ' the 
foam  acts  mainly  by  pre.'- 
venting  the  hot  liquid 
from  evaporating" . 

Other  important 
studies  on  foams  are 
Losev  and  Kazakov's 
and  Blinov  and  Khudya^ 
kov's  £43.  The  first 
two  workers  (from  the 
eentral  Heaearch  insti¬ 
tute  for  Fire-.Fighting3 
used  a  tank  130  cm  iji 
diameter  and  150  cm 
high,  which  was  fitted 
The  fuels  used  were  tractor 
raw  crude  oil. 


The  kerosene  teats  showed  that  the  foam  caused  a 


1. 


sharp  fail  in  Surface  tempefature  ift  the  first  20  sec »  the  aufe« 
aequeht  fsii  beihg  slow  (Fig*  24)  *  Foams  P0-1i  ah4  PO-6  sup¬ 
pressed  tjhe  burning  cospieteiy  'When  the  surface  temperature 
reached  the  chemicai  fdam  required  30°.  Figure  2'5 

shows  the  temperature  distribution 
during  and  after  the  burningl  the 


foam  has  cooled  a  thin  Upper  layer 


of  the  liquid.^  but  under  this  there 
lies  a  hotter  layer. 

2*  dome  tests  were  done  with 
diesel  oil  (surface  20  cm  below 
the  top  of  the  tank) ^  fable  3«2 
shows  that  PO-1  foam  produced  ex¬ 
tinction  at  a  Surface  temperature 
of  100®»  While  KhP  (chemical) 
foam  required  40-70® » 

3.  Numerous  tests  were  done 
with  benzihe;  PO-1  and  chemical 
foam  Were  Used.  Benzine  gives 
rise  to  a  homothermal  layers  whose 
thickness  increases  with  time; 


Fig*  25«  femperature  distri^ 
bution  in  kerosene  a)  before 
the  Start  of  extinction  and 
b)  at  the  end;  extinction 
time  iSO  Sec. 


the  foam  was  applied  when  this 
layer  had  reached  thicknesses  of 
lOi  20 j  35i  65 i  and  80  cmi 
Figure  26  shows  the  results  from 
one  run;  the  foam  lowers  the  Suri- 
face  temperature  and  alters  the 


Table  3.2 


Foam  layer  2.5  cm  Deep 


4pipW 

of 

lEttiriwcCion 

To  Am 

pip 

^opijrlfTc 

PO-1  ! 

170 

93 

a.Q 

0,5 

0.23 

72 

P04 

280 

98  . 

8,0 

0,5 

0,1:5 

60 

KKP 

260 

40 

4.1 

0,5 

o.ei 

55 

108 

KKP 

230 

70  . 

4.1 

0.5  : 

1 

0,36  i 

55 

75 

distribution  in  the  homo thermal  layer  (a  submerged  hot  layer  is 
formed).  The  temperature  in  this  layer  gradually  falls;  the 
conyection  in  this  layer  does  not  stop  during  the  extinction. 


Tfee  Gooliing  wbuILd  bb  znbrb  rapi*.’ ,  icursei  if  therb  wejfe  no 
convection*  The  extinction  tiine  increases  with  the  biirhing 
t isle  I  because  the,  ho  t  layer  becomes  thicker  *  The  burning 
ceases  when  the  surface  temperature  is  somewhat  above  20®, 
which  is  well  above  the  flash  and  ignition  points*  Much  the 
same  is  found  for  crude  petroleum* 

4*  The  extinct ion  is  associated  with  prohounced  cool- 
ihg  of  the  top  layeri  which  depresses  the  vapor  pressure;  for 
example i  the  vapor  pressure  of  kerosene  at  3©^  is  [5]  20-30  mm 
Hg  and  at  50®  is  30-40  mm  Hgi  The  foam  reduGea  the  vapor 
pressure  by  about  a  factor 

the  temperature  reached  is  below  the  ighi- 
tioh.  temperature;  for  example  ^ 
Ghemical  foam  on  kerosehe  produGes 
37^40®,  cr  Oh  diesel  oil  40-70® $ 
both  of  which  are  below  the  ighi- 
tioh  temperatures.  It  has  been 
found  [6]  that  the  ignition  tempera 
ture  is  decisive  to  extihctioh  in 
other  cases  also •  Other  foams 
produce  extihctioh  with  surface 
temperatures  above  the  ignitioh 
temperature;  here  the  coolihg  is 
still  importaht,  but  the  retarda^ 
tion  of  evaporation  also  plays  a 
major  part.  Clearly,  the  baianee 
between  cooling  and  retardation 
Varies,  With  some  part  played  by 
screening  from  the  flame* 


Fig.  2(&*  Temperature  in 
benzine  during  fpam  extine 
tion:  1)  start;  2)  after 

60  sec;  3)  after  360  sec* 

in  some  way* 

5*  The  retardatiGn  by  foam  has  been  studied  [4]  in  the 
laboratpry*  Two  crystallizing  dishes  144  mm  in  diameter  and 
68  mm  high  were  placed  on  sehsitiye  laboratory  scales;  one  was 
partly  filled  with  the  liquid i  and  the  loss  in  weight  was  re^ 
cojfded  every  5  min.  This  gave  the  rate  of  free  evaporation* 
Then  the  two  dishes  were  filled  with  foam  and  the  readings  were 
repeated;  the  two  dishes  elimirlated  any  correction  for 


A  liquid  that  gives  a  home- 
thermal  layer  is  difficult  to 
extinguish,  largely  because  con¬ 
vection  brings  up  the  heated  layer 
even  during  the  extinct ipii  time. 
Clearly,  a  burning  liquid  would  be 
much  more  readily  extinguished  if 
the  top  layer  could  first  be  cooled 


In  some  cases i 
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evaporatibA  of  tha  A  special  soap  foam:  was  U#ed  as  belag 

highly  stable}  a  layex  6  cm  deep  had  bifoken  up  ohly  partly  after 
several  weeks  at  room  temperatwe The  experimeht  was  performed 
in  a  fume  ;CUpboard  providihg  a  ;good  eurreht  of  air.  All  tests 
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Fig.  27.  Evaporatioh  of  benzine  Fig.  28*  Evaporation  of  be&- 
with  and  without  foam.  zene  with  and  without  foam^ 

were  done  at  room  temperature.  Figures  27  and  28  give  some 
results,  in  which  the  circles  denote  weight  and  the  crosses  tem-p 
perature  of  the  liquid*  The  arrows  denote  the  points  when  the 
foam  was  applied.  The  evaporation  rate  fell  at  first  and  then 
remained  constant  until  the  foam  was  applied;  the  foam  reduced 
the  rate  greatly  and  raised  the  temperature  somewhat. 
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Table  3*3  gives  de-^ 
tailed  results  for  ben¬ 
zene;  here  M  is  the 
specifie  evaporation  rate 
for  the  free  surface  in 
g/cm^min,  H*  is  the  same 
for  the  covered  surface 
is  room  temperaturet 
A#  is  the  fall  caused  by 
the  evaporation  from  the 
free  surface,  j^-d'  the 
same  for  the  covered  sur¬ 
face,  and  h  is  the  depth 
of  the  foam  layer  (mm) . 
These  results  show  that 
the  foam  reduces  the 


rate  by  a  factor  of  55  for  benzene  and  by  a  factor  of  ISO  for 
benzine*  gimilar  results  were  obtained;  with  carbon  tetra- 
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cshlofide  aixd  toluene  4 

6*  The  evaporation  of  a  liquid  is  a  rather  complex  pro- 
cess;  some  insight  into  it  may  tee  gained  as  follows*  let  us 
Suppose  that  the  rate  of  evaporation  in  the  ateove  experiments  was 
governeO  by  diffusion  through  the  layer  of  air  in  the  disht  which 
is  described  by  an  effective  diffusion  coefficient  D' *  The  pro¬ 
cess  is  virtually  steadyj,  and  the  dish  was  surrounded  by  an  air 
current,  so  we  may  assume  that  the  coneentration  at  the  upper 
edge  was  zero,  that  at  the  surface  being  c  ,  Which  corresponds  to 
the  saturation  vapor  pressure  at  the  tfiperature  of  the  liquid* 

Then 


in  whieh  h  is  the  distance  from  the  surface  to  the  upper  edge* 
But 


Co 


(3*31) 


in  which  p  is  saturation  vapor  pressure,  fi  is  the  gas  constant, 
T  is  absolute  temperature,  and  u  is  the  moleeular  Weight  of  the 
liquid*  These  together  give  us  that 


D' 


M.Rt 


(3*32) 


The  D'  of  (5*32)  enables  us  to  judge  the  mechanism  of 
removal  from  the  free  surface •  The  application  to  benzene  is 
as  follows.  The  mean  M  is  5  x  lO"^^  g/cmisee  for  h  =  5»3  cm; 
p  for  15®  is  60  mm  Hg.  Then  (3*32)  gives  us  that  =  0.62 
cm^/sec;  the  published  [5]  P  for  benzene  in  air  is  0.09  em^/see, 
and  so  p'  is  some  seven  times  P*.  Now  we  turn  to  the  effects 
of  the  foam;  here  M'  was  5.5  x  10®^  g/em§sec,  the  foam  being 
5.3  cm  deep.  We  take  the  concentration  at  the  upper  surface  as 
zero,  in  which  case  (5.32)  gives  us  P-  as  0.009  cm2/seei  which 
is  only  a  tenth  of  P.  This  d'  we  denote  by  P'*.  Table  3«4 
shows  that  similar  relations  apply  to  other  liquids. 

These  P'  differ  from  P  because  there  are  always  air 
currents  over  the  free  surface,  which  remove  the  vapor,  while 


*  The  effective  P  for  evaporation  from  a  free  surface 
will  in  future  be  denoted  by  P" . 


the  air  withla  tha  fo^  is  stagnai^t.  This  iast  feature  is  one 
of  the  fact  ore  that  reiuoe  the  evalipratioh  rate«  but  it  Oanhot 
be  the  ohly  ohei  for  theh  B'*  would  equal  D,  whereas  in  fact  it 
is  much  lower*  The  liquid  filme  in  the  foam'  also  retard  the 
diffusion';  the  B  for  vapors  in  liquids  are  thousands  Of  times 

smaller  than  those  for 
air^  so  even  thin  films 
of  liquid  retard  evapora¬ 
tion  very  greatly %  The 
D  for  the  liquids  of 
Table  3*h  are  about 
0*1:  om^/sec,  whereas 
those  for  vapors  In 
liquids  are  t7l  around 
t0“5  cm^/aeo.  A  film' 
of  liquid  60  p  thick 
would  be  sufficient  to 
reduce  the  evaporatioa 
rate  for  benzene  at  20® 
to  5*5  X  10*7  g/cm?sec; 

a  film  12  p  thick  Would 

^  reduce  the  rate  to 

9  *  10“7,  and  one  of  only  5  P  Would  be  as  effective  as  5  cm  of 
stagnant  air*  Soap  films  are  a  few  p  thick,  and  there  are 
several  such  films  on  the  route  to  the  surface.  This  set  of 
films  is  responsible  for  much  of  the  retardation;  the  greater 
the  tots^  thickness  of  these,  the  smaller  H*  * 

The  diffusion  coefficients  for  vapors  in  liquids  increase 
rapidly  with  temperature,  being  roughly  inversely  proportional 
to  the  viscosity  of  the  liquid.  The  viscosity  of  water  at  100® 
is  a  quarter  of  that  at  20®,  so  we  may  expect  d'*  to  vary  in  the 
same  way*  Sven  so,  the  films  cf  liquid  in  the  foam  still  cause 
most  of  the  retardatioii* 

The  results  for  benzine  may  serve  to  illustrate  some  eon- 
elusions  here.  The  burning  rate  for  large  vessels  is  4  mm/min; 
a  layer  of  foam  5  em  deep  and  of  temperature  close  to  100® 
should  reduce  the  evaporation  rate  to  about  0,1  mm/min  (by  a 
factor  of  30*'40) ,  Sut  experiment  shows  that  the  flame  cannot 
persist  at  this  evaporation  rate,  so  the  burning  ceases •  The 
flame  can  persist  only  if  the  vapor  breaks  through  the  foam  or 
if  not  all  the  surface  is  covered  by  the  .foam, 

7,  Finally,  we  deal  with  some  other  aspects  of  the 
effects  of  liquid  films.  If  these  form  bubbles  or  a  foam, 
the  trapped  air  takes  no  part  in  the  convection,  so  the  rate 
of  removal  of  vapor  is  much  reduced,  for  the  rate  of  diffusion 
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through  the  liquid  is  some  four  driers  of  magnitude  iower. 

Sometimes  a  thin'  film  of  one  liquid  on  the  surface  of 
another  will  suppress  evaporation  more  or  less  completely  *  For 
example,  a  layer  of  i  mm  of  Oil  On  water  in  a  crystallizing  dish 
allows  virtually  no  evaporation  even  in  a  period  of  two  years. 
Even  the  thinnest  films  retard  the  evaperatien  of  water  Very 
greatly.  For  example,  it  has  been  proposed  to  eliminate  eva* 
po rat ion  from  reservoirs  in  Australia  in  this  way,  and  also  to 
alter  the  climate  over  extensive  areas  of  the  world* 

These  films  depress  evaporation  very  greatly «  especially 
if  the  film  material  is  insoluble ,  for  the  concentration  of  the 
main  liquid  in  the  bottom  part  of  the  film  is  very  low,  so  the 
concehtration  gradient  across  the  film'  is  also  low.  But  Fick'^s 
law  states  that  the  amount  diffusing  across  1  cm^  in  1  sec  is 
proportional  to  D  and  to  the  cOncehtration  ^adient;  thus  the 
loss  is  very  small  indeed  if  B  and  the  gradient  are  small. 

Floating  ihSOluble  thin  films  could  be  Used  to  suppress 
evaporation  from  burning  liquids,  especially  oil  products;  such 
’films  Would  provide  a  rapid  and.  reliabie  means  of  extinction, 
which  would  Solve  a  very  serious  problem.  We  may  expect  that 
the  problem  will  be  solved  in  the  near  future;  there  are  already 
indicatiohs  that  thin  films  of  certain  fluorine  compounds  Can 
depress  the  evaporation  of  benzine  substantially  |i]. 

Lastly,  it  has  been  claimed  in  the  foreign  press  that  an 
artificial  plastic  foam  can  reduce  the  evaporation  of  oil  pro^ 
duets  £93;  Standard  Oil  of  Ohio  has  used  hollow  spheres  (made  of 
substituted  phenols  and  formaldshyde  Or  furfural)  which  were 
filled  with  nitrogen  and  were  of  mean  diametef  50  a*  These 
pack  with  a  density  of  0*013  g/cm^,  and  a  layer  19^25  mm  thick 
of  these  microSpheres  reduced  the  evaporation  Of  volatile  pro-j 
ducts  on  average  by  8o%.  The  layer  was  stable;  in  two  years 
of  use,  the  density  and  mean  diameter  did  not  alter.  However, 
our  tests  with  microspheres  have  not  given  the  remarkable  re-r 
suits  claimed  abroad;  sometimes  they  facilitate  evaporation 
rather  than  suppress  it,,  for  the  layer  Gauses  the  liquid  to  rise 
by  capillary  action.  The  spheres  would  have  to  be  repellent  to 
the  liquid  in  order  to  suppress  evaporation. 

A  layer  of  microspheres;  differ®  very  eonsiderably  from  an 
ordinary  foam;  it  may  reduce  the  evaporation  rate  by  miHiraizing 
the  free  surface,  whereas  a  foam  retards  ewaporation  by  virtue 
of  the  slow  diffusion  through  the  walls  Of  the  bubbles. 
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Extinction  of  Burning  Liquids  With  Water  Sprays 

ii  Water  aprays  have  l6ng  been  used  to  extin^ish  oii 
products  burning  in  tanicS  at  the  begiiming  6f  this  cen¬ 

tury,  VeraiShev  campaigned  vigoroUsiy  for  Serious  work  on  the 
method  and  made  severai  attempts  to  demonstrate  by  experiment 
that  the  method  is  effective  with  crude  oil*  Until  recently, 
fine  water  sprays  have  not  been  extensiveiy  used  to  extinguish 
oil  products;  the  work  of  the  last  decade  has  revealed  the 
main  principles  of  the  method* 

The  major  papers  here  are  Khudyakov's  [J]  and  Rasbash 
and  Rogowski's  E^3»  khudyakov  has  used  several  oil  products 
in  a  tank  30  cm  in  diameter;  he  finds  that  sprays  consisting 


29*  Relation  of  flow  density 
to  distance  from  axis  of  spray  for 
jets  of  d  equal  to  1,  2,  and  3  ®m: 
a)  p  -  3  atm;  b)  p  =  10  atm* 


30*  Droplet  siae  dis?* 
tributionS  for  the  centri- 
sprays;  p5  l)  10  atn 
2)  6  atm;  3)  3  atfl). 


of  large  drops  do  not  cool  the  flame  appreciably  but  do  cool  the 
top  layer  of  liquid*  This  eopling  soon  extinguishes  heavy  oil 
products,  for  the  surface  temperature  falls  belpw  the  flash 
point*  Sprays  of  Very  small  droplets  can  extinguish  light  oil 
products  as  well:  ’the  spray  evaporates  in  the  combustion  zone 
and  lowers  the  flame  temperatura;  the  steam  reduces  the  concen-^ 
trations  of  oxygen  and  fuel’  [3]* 

Rasbash  and  Rogowski  also  used  several  liquids  in  a  small 
tank;  the  extinction  time  was  measured  as  a  function  of  burning 
time  and  of  droplet  size*  They  conclude  that  CParse  sprays  are 
effective  for  liquids  of  high  boiling  point,  whereas  the 


foffmatioii  of  steam  in  the  flame  (rather*  than  cooling  of  the 
iicjiiid')  is  the  Significant  feature  for  benzene  and  other  vola¬ 
tile  liquids. 

Work  at  the  Central  fe’ire  Kesearch  Institute  has  shown 
that  fine  water  sprays  ean  extinguish  benzine  burning  in  tanks 
of  large  diameter  |5I*  Ihe  most  detailed  study  of  fine  sprays 
[6]  has  recently  been  supplemented  by  some  work  [li  ji  on  the 
extinction  Of  benzine;  the  earlier  study  was  concerned  with 
diesel  oil,  kerosene^  crude  petroleum,  and  automobile  benzine 
in  tanks  of  diameters  8'0,  iJiC,  and  ^6C  cm.  The  water  was 
sprayed  by  centrifugal  and  pneumatic  de vices;  the  flow  from 
any  one  jet  was  small j  so  sets  of  jets  were  used.  Each  of 
centrifugal  sprays  consisted  of  19  jets  arranged  on  a  spherical 
surface;  the  diameters  d^  Of  the  outlets  were  1*  1.5,  2,  and, 

3  mm.  Use  was  also  made^of  a  set  of  15^1  jets  each  of  diameter 
1*5  mm*  The  flow  V  is  related  to  the  pressure  p  by 

V  A  Vp  , 

in  which  A  is  dependent  oh  the  size  of  the  spray  nozzle,  being 
related  to  d  by 

G 

The  A  foi*  the  151'^jet  deviee  was  2.32  1  .cm/sec  .kg^.  The  cone 
Govefed  by  the  sprays  had  a  vertex  angle  of  neafly  fSd® .  Fig'^ 
ure  29  shows  the  flow  density  p  in  g/cm^min  at  1m. 

The  pneumatic  sprays  were  used  in  sets  of  seven,  with  one 
in  the  center  and  the  other  Six  uniformly  spaced  on  a  circle. 

The  droplet  size  was  measured  by  ailowing  the  spray  to  fall  on 
a  plate  coated  with  soot;  the  droplets  left  tracks,  which  were 
photographed.  The  diameters  d  were  measured  oh  enlarged 
prints  ET.Sj.  Figure  30  shows  the  size  distributions  for 
several  pressures  for  the  centrifugal  system.  Neariy  all  of 
the  d  were  less  than  100  p,  and  the  position  of  the  peak  scarcely 
varied  with  pressure*  The  most  prohable  size  was  30  H,»  and  the 
mean  d  was  independent  of  dg,  although  it  did  vary  with  pressure 
as  [9 « IQ] .  The  pneumatic  system  did  not  give  such  uniform 
droplets,  and  the  most  probable  size  fell  as_the  pressure  in- 
Greased,  as  did  the  mean  d  (here  denoted  by  d) • 

2.  The  pneumatic  sprays  were  used  only  with  benzine  in 
the  80  cm  tank;  the  sprays  were  started  when  the  fuel  had  been 
burning  for  2  min.  Figure  3i  gives  the  results  in  terms  of 
water  pressure  (abscissa)  and  air  pressure  (ordinate) ;  a  minus 
sign  in  the  circle  means  that  the  flaune  did  not  go  out,,  and  a 
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plus  that  it  did.  Ths  extine tiori  Succeeds  if  the  pressures  lie 
within  the  extinction  regiottr*  which  is  shown  hatched* 

3*  Many  tests  (more  than  lOO)  were  done  With  the  centri* 
fugal  pumps  in  the  130  and  ggo  cm  tanks.  The  product  was  left 
to  burn  for  a  set  timei  then  the  spray  head  was  inserted*  The 
flame  at  first  became  mueh  biggeri  theu.  shrank  greatly,,  and  fin¬ 
ally  either  went  Out  or  became  localiaed  under  the  spray*  The 


r 


Fig.  3i»  ExtinctiQtt  Of  benzine  Fig.  32.  Extinction  time  as  a 

by  water  from  pneumatic  sprays.  fuaction  of  p  for  d  =  2bo  cm, 

d^  =  3  mm* 
c 

temperature  was  measured  at  points  On  the  axis  and  at  the  wall; 
flow  measurements  were  made,,  and  the  distance  of  the  spray  head 
from  the  Surface  was  recorded,  as  were  the  burning  and  extinct 
tion  times.  The  fuel  was  supplied  continuously  to  keep  the 
level  constant  in  most  cases;  alternatively,  the  initial  level 
was. set  a  little  high,  and  the  spray  was  started  when  the  desired 
level  had  been  reached.  Several  different  oil  products  were 
used;  the  results  are  given  belpw> 

Die Bel  oil ,  The  extinction  time  T  is  related  to  the 
water  pressure  p,  and  the  fire  cannot  be  extinguished  if  p  is 
below  a  certain  limit,  as  Fig,  32  shews.  Here  the  ordinate  is 
tS  the  ratio  of  T  to  the  T  for  p  =  7  atm.  ,The  signs  denote 
experiments  done  under  identical  conditions  (only  p  was  varied) 
with  d  =  3  mm.  The  line  corresponds  to  the  formula 

q 
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The  limitinf  p  f6ip  d.  =  |  iMq  was  2.§  atm  (4  atm  far 
a  2  mm;  there  is  a  geheral.  inverse  relation  between  the  two) 
The  fisw  V  for  the  iimiting  p  was  t.06  i/see  for  dc  =  3  mm  and 
0:.8i  l/seo  for  d^  a  2  mm;  the  Smeller  fiow  in  the  second  case 
Implies  that  the  droplet  size  is  the  important  quantity »  rather 
than  the  fiow^  for  the  Smaller  the  droplets  the  less  the  limit¬ 
ing  V  and  the  smallef  the  limiting  p*  Table  3*3  shows  that  T 
falls  as  ¥  inereaseS;  this  is  especially  clear  for  d  «  260  cm-4 


Table  3*5 
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Table  3*6  illustrates  the  effect  of  droplet  size  for  the 
130  cm  tank;  3  and  T  tend  to  increase  together.  Further «  T 
increases  with  the  burning  time  t  and  is  somewhat  dependent  on 
the  height  H  of  the  spray  above  the  surface *  as  well  as  on  hj 
the  distanee  from  the  surface  to  the  edge  of  the  tank;  Table 
3^7  gives  results  for  d^  =3  nmi  and  d  =  130  cm*  The  heated 
walls  play  a  major  part  in  suppressittg  the  flame,  for  T  de¬ 
creases  as  h  increases. 

The  surface  temperature  at  extinctipn  is  as  follows: 
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The  surface  temperature  during  burning  (240®  for  diesel  oil) 
falls  sharply  as  soon  as  the  spray  is  turned  on,  Was  well 

above  the  i^itlon  temperature  when  T  was  short  but  did  not 
exceed  that  temperature  when  T  was  long;  thiis  has  an  important 


Table  3»6 


i.  see 

h  f  CM 

1  Hi  ‘CM  i 

Pf 

:  V,  : 

■ _ 

.  /*  : 

n 

2 

21 

8 

02 

:  .8  i 

0.8 

55 

1  70 

1 

vr  \ 

t 

92  ; 

10 

0;5 

i  -44  i 

305 

2 

27 

50 

74 

i  4-  ’ 

0.8 

55:  : 

1  '5 

,  1  ; 

27 

60 

;  74 

10 

i  0.5 

i  44 

5 

Table  3*7 


h 

;  hi  cM'i 

Hi  CM 

Pi 

ti  UK 

1  if  f  MtH'  1 

'  .  5 

H  y  CM  j 

.  5 

Hi  cM 

P  i  aCi^ 

21 

8 

92 

i  4  ; 

70 

;  2i  ' 

i  a  ^ 

92 

io  : 

5  20 

27 

50 

74 

4 

i  ^5^  , 

2$  ; 

;  60  ; 

74 

10 

3 

Fig.  33.  Temperature  (listributioh 
in  4iesel  oil  before  and  during 
extinctipn. 


Fig.  femperaturg  dis¬ 

tribution  in  kerosene 
a)  before  and  b),  during 
extinetion. 


bearing  on  the  meohanism  of  extinction.  Moreoyer*  the  surface 
temperature  during  the  extinction  was  somewhat  higher  at  the 


202 


edge  thatt  at  the  center. 


Figure  53  shows  the  temperature  as  a  function  of  iepth  z; 
curve  a  relates  to  the  period  fee fore  the  spray  was  started,  and 
curve  fe  to  the  start  of  extinction.  The  signs  denote  several 
different  runs.  Clearly,  the  onset  of  extinction  affects  the 
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dis  trifeution 
sufestantially; 
the  surface  is 
cooled  fey  the 
waters,  but  the 
temperature  in¬ 
creases  with 
depth  for  a 
certain  dist-- 
ance  and  is  un¬ 
affected  by  the 
water  at  a 
depth  of  a  few 
centimeters  ^ 

The  surface  tem¬ 
perature  ^  falls 
Coat ittucusly 
during  the  ex¬ 
tinction,  while 
the  peak  moves 
to  larger  z. 


Kerosene 
(flash  point 
ab  Gu  t  40  ° ) to  ga  ve 
Similar  results, 
of  which  we 
give  here  only 
those  for  the 

teBperafeure  distribution  before  and  during  the  extinction  (Fig, 
34)  and  those  for  ,  Here  again,  iS  above  the  flash  point 
if  T  is  short  but  is  below  it  if  T  is  Ifeng, 

Now  we  turn  to  the  results  for  automobile  benzine,  which 
gives  rise  to  a  homothermal  layer*  Table  3*8  gives  results  for 
d  a  130  CB,  h  =  35  cm,  and  H  =  56  CB;  these  show  that  T  in¬ 
creases  with  (the  depth  of  the  hoBotherBal  layer)  but  de¬ 
creases  as  V  increases.  Table  3*9  (for  the  same  dimensions) 
shows  that  T  increases  with  d  even  though  there  is  some  in¬ 


crease  in  V,  Further,  T  increases  as 
flame  cannot  be  extinguished  at  all  if 
limit.  It  has  been  found  [6,111  that 


p  decreases,  and  the 
p  is  below  a  certain 
T  and  the  limiting  p 


decrease  as  h  ine peases.  Finally ^  the  flame  begins  to  be 
CLUenched  when  ^  exceeds  the  flaBh  pbint*  as  the  following 
results  showi: 

e'  ,  “C  .  29  M  36  40  .43  4  3  39  16  35  12 

f  ,  sit  70  37  30  60'  oo  40  30  65  25  135 


Figure  35  shows  the  temiperature  dietribution  before 
(ourve  a)  and  during  the  extinction;  the  numbers  on  the  curves 
are  the  times  (in  sec)  from  the  start  of  spraying.  The  water 
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cools  the  entire  heated  layer,  but  the  Surface  is  cooled  some-^ 
what  more  rapidly.  Table  3 •10  and  FigSi  3^  and  y/  give  results 
[123  for  taiths  130  cm  in  diameter;  here  is  as  before,  h^  is 
the  thictoiesS  vOf  the  cold  layer  at  the  start,  h’  is  the  thieX^ 
ness  of  the  hot  layer,  t  is  the  spraying  time,  is  the 
final  temperature,  and  u  is  the  mean  rate  of  increase  in  h' . 
Figure  5^  shows  •o^as  a  funGtion  of  time  for  various  depths; 

Fig.  37*  as  a  function  of  depth  for  various  times.  The  hot 
layer  is  cooled,  but  the  cool  layer  is  heated,  because  the  water 
carries  hgat  from  the  hot  layer  down  to  the  cool  one*  which  in^ 
creases  the  thickness  of  the  hot  layer  quite  rapidly. 

It  has  been  found  that  water  sprays  can  extinguish  aut©,-^ 
mobile  and  aviation  benzines  in  tanks  uf  to  86o  cm  in  diameter* ; 
the  extinctiGn  times  range  from  15  to  30  sec. 

The  results  for  Crude  petroleum  are  largely  the  same  as 
those  for  benzine . 

h',  iefore  we  discuss  the  above  results,  we  must  con¬ 
sider  some  aspects  pf  the  behavior  of  water  droplets  in  flames 

•  The  benzine  may  overflow  in  the  prpeesB:;  care  must 
be  taken  to  keep  the  level  of  liquid  below  the  top  edge  of  the 
tank. 
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zitiiK  befbz^e  &nd  during 
spraying  with  watari 


and  in  dii  productSi  First  we  eon* 
Sider  the  motion^ 

There  have  heen  many  studies  On 
dropiets  in  Tarious  media,  whioh  have 
been  surveyed  tey  Levich  1131  and 
Fuks  fih];  some  iater  resiilte  |63 
derive  f;rom  Ginematographic  measure* 
ments,  which  show  that  droplets  fall* 
ing  oh  an  immisoible  litiuid  may  break 
up,  in  which  ease  complex  effects  com* 
parable  with  those  at  solid  suTfaces 
can  Occur  :C8,25,26]i  Drops  that 
enter  the  liquid  soon  attain  a  steady 
speed;  the  motion  of  a  drop  is  more 
complex  than  that  of  a  solid  Sphere, 
for  the  shape  can  alter*  Moreover, 
surface--active  materials  can  impede 
movement  in  the  surface  of  the  drop, 
which  then  moves  as  a  solid  sphere  of 
radius  r  whose  limiting  velocity  v 
for  small  Re  is  given  by  Stokes's 
law  as 

(5*33) 


in  which  p  and  p'  are  the  densities  of  drop  and  medium  respect* 
ively,  *)  is  the  viscosity  of  the  medium,  and  g  is  the  accelera* 
tion  due  to  cavity.  If,  ©a  the  bther  hand,  the  surface  of  the 
drop  is  fully  mobile,  we  have  that 
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i*  whieh  ij'  is  the  viscosity  of  the  iirop;;  (3r54)  becomes  (3 •33) 
if  V)'  =  do.  The  latter  fomula.  gives  the  higher  Vj  but  both  are 
in  ciose  agreement  with  experiment  if  He  1  •  The  two  are 
applicable  to  droplets  in  flaunes  and  oil  products  provided  that 
the  diameter  does  not  exceed  150  ii»  which  is  so  for  almost  all 
the  droplets  produced  by  the  above  devices. 


3b,  Temperature  as  a 
function  of  time  for  various 
depths  in  benzine  Sprayed 
with  water. 


37*  Temperature  as  a 
function  Of  depth  for  various 
times  during  the  spraying  of 
benzine  with  water. 


of  course f  impure  water  is  used  on  fires,  so  Stokes'S 
formula  should  be  used. 


5.  Consider  now  the  temperature  of  a 
through  a  flame |  the  drop  is  heated  and  starts  to 
in  the  nearly  steady  state,  the  influx  of  heat  q  is  balanced 
by  evaporation' 


q  =  4nr?a  (d  ^  ft*)  -  -  («*  ^  «  ).  ( 3.35) 


in  which  a  and  a_  are  the  coefficients  of  heat  and  mass  transfer 
reapectively,  are  the  temperatures  of  medium  and  drop, 

TT  and  TT  are  the  vapor  pressure  of  water  in  the  flame  and  the 

Q 


saturatioh  Vapoi?  pressure  at  taaparatuf  e  •d’* «  c*  is  the  latent 
heat  of  eyapofation,  and  m  is  the  iiass  of  the  drop. 

It  is  found  [13,15-18]  that 

a  =  asp  (ri  0)  -  am  =  «6m  (p  (/.  4 .  ( 3 . 36 ) 

in  which  a-  and  are  independent  of  r  and  v;  then  (3»35)  and 
(3>36)  give  us  thSf 

(3.37) 

This  h  is  also  independent  of  r  and  v. 

Formula  (3.37)  has  long  been  used  for  determinirtg  atmos¬ 
pheric  humidity  by  reference  to  wet-  and  dry-bulb  thermometers 
[243  ;  it  implies  that  is  a  function  of  and  fT  but  hot  of  r 
iand  V.  Fedoseev  and  poliahchuh  ti'93  have  shown  that  (3*37)  is 
applicable  tO'  drops  in  gases  heated  to  700®.  The  foilov4ng 
results  are  for  ‘tt  =  12  mm  Hg;  they  derive  from  {3*37)  and  the 
paper  quoted: 

e  ,  °C  400  500  6OO  700  800  900  lOOO  llOO 

O'  ,  “G  65  70  75  753  82  86  88f5  91 


Of  course,'^*  alters  ifapchanges*  These  figures  indicate  that 
the  droplets  reaching  the  hot  oil  product  Should  have  tempera¬ 
tures  not  exceeding  90®* 

Now  we  turn  tP  the  heating  and  evaporation  in  the  flame, 
let  0  be  the  specific  heat  of  the  drop,  whose  initial  tempera¬ 
ture  and  radius  are  -6^  and  r^;  let  't  and  be  the  times  of 
heating  and  evaporation.  Further,  let  X , 9 ,  and  be  res¬ 
pectively  the  temperature,  thermal  conductivity .  viscosity,  and 
kinematic  viscosity  of  the  gases  in  the  flame,  t  being  time. 

If  we  assume  that  the  drop  is  heated  but  does  not  evaporate,  we 
have  that 

-i  nrjpc  =  4nfoa  (ft*  --  ft^) . 


But  f  and  c  are  unity  for  water,  and  sc  the  integral 

of  the  equation  for  time  't  is 
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N«xt|  the  evai)oratidtt  tiaie  for  a  drop  of  teteperature 
is  given  hy 


(3*m 


in  which  a  is  a  function  of  v  and  Sokol *skii  and  Timofeeva 

[1$3  give  that 


(5.40) 


If  now  V  is  given  by  Stokes’s  law^  and  if  r  ^  10Q  Ui  we  have 
0»08He^<1i  So  d  Vi*.  The  integral  of  (5.59)  is  then 


r 
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21®, 


^r?;. 


(5.41) 


t* 

f 


2  c* 

2  0'  -®o  ■ 


(5.42) 


But  (5.42)  implies  that  't/t  is  independent  of  r;  this  is 
readily  shown  to  be  so  if  V  is  not  governed  by  Stokes's  law  but 
O.OSHe^^l.  Now  is  540  cal/g;  if  t?'  njr  -  60®,  then 
a’7%  =  15.5.  ^ 

This  iustifies  we  in  assuming  (ae  is  usual)  that  the  evar. 
poration  takes  place  in  two  stages;  first  the  drop  is  heated 
(evaporatipn  being  negligible),  and  then  the  drop  evaporates  at 
constant  temperature. 

"  We  may  also  determine  i'  and  approximately  by  means  of 
(5.58)  and  (5*41)  •  We  put  ni^j^as  lOQO®  and  6^?"  as  60®  ,  with  X 
as  the  value  for  air  at  the  a^ropriate  temperature  _ 

(2  X  10”4  cal/cmosee  odeg  for  tOQO^),  Then  V  1550r^  anh 

lOOr^;  if  2r  =  0,01  cm  =  100  u,  't:  =  2.5  msec,  <1'  -  54  msec, 
and  %+  %r  =  56  msec. 

We  can  find  ^  in  another  way.  The  apparatus  with  19 

ieta  each  with  d  =  5  mm  had  a  V  of  2,1  l/sec  at  10  atm;  the 

■  . .  ■  ‘  ‘  c 


888fge4  at  14  lq/se:e  <  We  assuine  that  the  dro|>iet8  itteve 
with  th^e  speed;  then  a  =  :K(i  ♦  ®  50  p., 

a  =  1.3^5  /^^o  ’  whieh  case  a-ftd  n:*  coffie  out  as  ?»35'  times  the 
values  given  above*  Stokes -<5  formula  gives  the  v  for 
r  ^  0*005  cm  as  about  10  cm/seci  .so  a  change  in  v  from  1O  to 
16OO  cm/see  alters  ^  -and  by  only  a  factor  1*35*  But  16  im^ec 
must  be  much  more  than  the  r  speed  of  a  drop.,  and  the  above 
r^  is  the  maximum  used  in  the  experiments ,  so  the  true  n!  and 
must  be  Very  close  to  those  given  by  (3*38)  and  (3*41)  with 
a  =  Vr^* 

Although  ^  and  ra*  vary  little  with  v  within  the  above 
limits,  the  times  t  spent  in  the  flame  do  vary  greatly,  for 
t  K  h/v,  h  being  the  Mstance  from  jet  to  liquid*  For  example^ 

t  =  63  msec  if  h  =  100  cm  and  v  =  I6  m/seO;  t  =  10  Sec  if  the 
steady>State  v  is  used  and  r^  =  50  or  2*5  sec  if  r  =  100  p 
(both  for  h  =  loo  cm)*  A  drop  with  r^  =  50  p  would  evaporate 
completely  even  for  v  =  16  m/secf  whereas  one  vdth  r^  =  10O  p 
would  evaporate  partly  at  16  m/sec  but  completely  at^the  steady- 
state  speed;  the  life  of  a  drop  is  a  function  of  v  and  r^* 
'Large  drops  pass  through  the  flame  and  reach  the  surface;  the 
limiting  radius  for  which  this  is  possible  decreases  as  the 
flame  temperature  falls* 

These  results  show  that  most  of  the  drops  evaporate 
before  they  reach  the  liquid,  but  that  the  proportion  surviving 
increases  as  the  flame  cools*  That  proportion  is  clearly 
dependent  also  on  h* 

7*  consider  now  the  drops  that  do  reach  the  liquid. 
These  soon  reach  a  Steady  speed.  Which  is  given  by  Stokeses  law 
if  r  is  small.  The  solubility  of  water  in  oil  products  is  very 
low,  so  r  may  be  taken  as  constant,  (The  drops  are  merely 
heated*)  Let  us  suppose  that  the  top  layer  is  a  homo thermal 
layer  of  teMperature  and  that  this  layer  is  free  from  con-* 
Vection.  The  heat  received  in  time  dt  is 

^  —  4Wf%  (9<.  —  6)  =  0, 

The  integral  to  this,  with  *  vt  and  at  z  =  0  is 

(3,43) 

Vc  ““  "0  *  ^  rv 

Formula  (3*4,3)  shows  that  ^  iner esses  rapidly  at  first. 
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until  is  Spproachsd,  the  rate  of  approaoh  increasing  with  P» 
The  heat  transfer  factor  a  determines  0;  it  is  given  by  (  jd^fO) , 
but  the  second  term  on  the  right  in  (3.4o)  is  small  relative  to 
the  first  if  r  <  100  u»  and  so  we  have  that 


to 


P?  ’ 


2  P  — P 
9  rj,'- 


(5v44) 


in  Which  >p  is  the  density  of  water,  is  the  density  of  the  oil 
product,  and  tj'  is  the  Viscosity » 

(3»h3)  and  (3»h4)  show  that  the  distanee  needed  to  attain 
the  temperature  increases  very  rapidly  with  r,  as  does  the 
thiciEness  of  the  layer  so  cooled*  For  example,  a  drop  with 
•  P  =  100  u  attains  the  temperature  of  benzine  within  1  cm,  where>^ 
as  one  with  r  =  30  U  does  the  same  in  a  few  mm. 

The  heated  drops  then  enter  a  layer  having  the  initial 
temperature  of  the  liquid;  here  they  are  cooled  in  aecordance 
with 


which  is  comparable  with  (3»43)«  The  temperature  of  the  layer 
will  become  unif®rm  if  convection  is  present. 

Consider  now  the  temperature  of  a  drop  entering  an  oil 
product  whose  temperature  is  given  by 


’O5  ”  Oq 


g~hz 


(3.45) 


(this  applies  for  diesel  oil,  kerosene,  solar  oil,  and  certain 
other  products).  Now 

’  4nf*a  (8  —  d)  d(  =  l-nr*' dd, 


A 


f 


dd--3(8-^d)d2, 

and  the  problem  is  that  of  solving 
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We  introduce  a  new  vdrlalsle  y  defined  by 
Transferring  fro  of  ^  to  y,  we  have 


Fig.  3^8.  Temperature  as  a  function  of  distance  from  the 
surface  for  a  drop  moving  in  an  oil  product;  a)  tp  and  lU 
as  functions  of  z  for  of  1)  0.25;  ?)  1.0;  3)  ^>0; 

4)  d'  -  f(z)  for  k  =  0*5;  b)  temperature  as  a  function 
of  z  for  of  1)  0,  2)  3)  1,  (H  =  1.0,  k  =  0.5). 

The  integral  of  this  is 


Oj  ”  Go 


in  which  B  is  a  constant  of  integration.  But  ^  at  z  =  0 
and  ^  ?=  Oq  at  z  =  o<>,  so 


»-^9. 
6*'^  ®« 


do  ~  .0(> 
®s  ®® 


(3A6) 
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Consider  the  particuiar  caSS  9^  =  *  Then 


07=1;  “  *  -  P  ' 

Figure  3$  shows  the  reiation  of  -i^  to  z  in  terms  Of  <|S)  and  <j£^. 


i  ^  0  j  Oo’ 


The  curyes  have  been  cOnstruGted  on  the  aLSsumption  that  k  = 
0,5  cm"’',  With  p  of  '0.25>  ‘^•0,  and  2,0  cm"''  (#  decreases  as  r 
increases).  The  curves  Show  that  the  temperature  v(z)  passes 


r.  sec 


d 


Fig*  39,  Evaporation  time  as  Fig,  40,  Heat  flux  density 

a  function  of  surface  tempera’^  from  heated  wall  to  drop, 

ture  for  drops  on  a  solid, 

through  a  maximum  if  (3f46)  defines  the  temperature  of  the  oil; 
the  position  z  of  this  maximum  is  dependent  on  r  for  a  given  k, 
for  z  increases  with  r.  For  example,  h  ?=  2  if  z^  =  1  and 
fc  =  0?25  cm"V;  then  gives  r  -  200  u, 

Figure  38b  shows  that  the  shape  of  cf(z>  is  governed  by 
,  for  the  peak  rises  and  moves  to  the  left  as  increases. 
Figure  38  indicates  that  the  water  cools  the  top  layer  and 
warms  the  lower  layers;  the  precise  effect  is  dependent  on 
but,  in  any  case,  the  result  id  hot  the  same  as  that  of  stirring 
the  liquid. 

8,  Some  of  the  spray  falis  on  the  hot  wall,  so  we  must 
examine  the  effects  there. 

The  evaporation  time  ^  for  a  drop  on  a  solid  is  dependent 
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oft  the  surface  temperatura  ^  [2©i2l3i  &»  Fig*  39  shows  for 
drops  of  water  of  radiftS  2*^min  [M|*  ftt  first  ^  falls  aS  |l 
iftcreases,  hut  a  maxiaum  is  reaehed  at  240®.  This  behavior  is 
a  result  of  the  spheroidal  state j  which  occurs  when  exceeds 
soae  critical  value  which  is  well  above  the  boiling  point 
(Rebinder  and  Pletneva  find  that  this  state  occurs  with  water 
when  ^  250®)*  This  @  is  independent  of  r*  In  this  state 
the  drop  is  separated  from  the  surface  by  a  thin  layer  of  vapor,, 
which  impedes  the  transfer  Of  heat. 

Figure  40  |20]  shows  the  relation  of  the  heat  flux  cf  to 
the  temperature  difference  %  ^  1?^  Branch  a  corresponds  to 
boiling  in  which  distinct  bUDbles  of  vapor  are  formed;  this  is 
replaced  by  film  boiling  when  0^  >  ,  and  here  the  heat  flux  is 

much  lower.  The  following  experiment  illustrates  the  inter-’ 
action  between  a  water  spray  and  a  heated  wall*  A  thick  brass 
disc  was  fixed  to  an  electric  hotplate,  and  the  temperature  Was 
brought  to  the  desired  value.  The  disc  was  then  exposed  to  a 
spray  from  a  miniatufe  centrifugal  sprayer*  Photographs  showed 
that  drops  falling  on  the  Unheated  disc  did  not  evaporate;  Some 
rebounded^  but  the  surface  beCaune  very  wet,  Steaun  was  pro¬ 
duced  vigorously  at  110®j  and  the  amount  increased  up  to  250®, 
but  further  increase  produced  less  steam.  similar  results  were 
obtained  with  Single  drops  falling  oft  a  hprizontal  disc;  at 
room  temperature  they  broke  up  and  wetted  the  disc,  whereas  at 
higher  temperatures  they  stili  broke  up,  but  the  disc  rapidly 
dried  off*  No  wet  spots  wer®  observable  nt  210®,  and  the  drops 
did  not  Wet  the  disc  at  all  at  about  2f0®.  At  315^  and  above, 
the  droplets  produced  by  fragmentation  bounced  over  and  off  the 
Surface;  very  small  ones  evaporated. 

These  observations  are  in  accordance  with  the  general 
trends  desovibed  above;  the  process  as  a  whole  is  eomplex. 

9.  The  above  results  and  deduetiofts  give  iis  a  fairly 
Gomplete  picture  of  the  fflechanism  whereby  a  water  spray  extin¬ 
guishes  a  burning  liquid. 

The  burning  ceases  sometimes  (always,  for  yoiatile 
liquids)  when  the  surface  temperature  is  well  above  the  ignition 
temperature;  this  shows  that  proGesses  in  the  flame  are  mainly 
responsible,  ftOt  the  effects  on  the  liquid*  Gooliftg  of  the 
surface  plays  the  main  part  only  when  the  surface  temperature 
approaches  the  ignition  temperature. 

The  processes  in  the  flame  are  as  follows.  Droplets 
less  than  100  u  in  size  (the  vast  majority  of  all  droplets  from 
the  sprayers)  evaporate  completely  in  the  fl.ame  if  the  path 
from  sprayer  to  surface  is  reasonably  long;  larger  drops  eva¬ 
porate  pnly  partly*  This  evaporation  produces  much  steam  in 


thd  whieii'  is  eddied  Itn4  'luted;  indre6V'ez‘y  the  steam 

tehdd  to  prevent  the  air  from  reaching  the  aurfaee*  Very  rapid 

evaperation  may  cool  and  diarupt  the  fiame  eo  greatly  that  it 
can  no  idnger  persist;  the  steam  and  vapory  together  with  some 
air,  form  a  rapidly  moving  flow,  whose  speed  is  partly  the  rest^t 
of  the  low  density  of  steam  (less  than  that  of  air  by  a  factor 
1.?)*  This  flow  makes  the  ‘•me  much  taller;  the  effect  is 
always  observed  at  the  start  of  extlnctioh.  The  flame  soon 
shrinks  and  vanishes  if  Steam  is  formed  sufficiently  rapidly » 

A  Sufficient  inflow  of  watei.  ^pray  will  extinguish  even  a  very 
volatile  liquid.  No  Standard  method  is  as  powerful  and  flex- 
:ible  as  this;  even  better  results  might  be  obtained  if  the  water 
were  mixed  with  some  very  volatile  but  incombustible  liquid,  as 
Petrov  and  Tsygan  £283;  have  recently  shown. 

The  larger  drops  evaporate  in  part  duriag  the  ihitial 
phase;  the  residual  parts  Of  them  cool^the  liquid  Somewhat  and 
so  depress  the  evaporation,  but  the  effect  is  comparatively 
minor . 

9.  If  the  flow  of  spray  is  insuffieient  to  put  the  flame 
out  rapidly,  the  burning  is  at  first  only  heavily  depressed;  the 
result  is  that  the  lower  temperaiure  allows  more  drops  to  enter 
the  liquid,  whieh  is  thereby  cooled,  so  the  evaporation  rate 
ftg^^ls.  The  flame  becomes  still  cooler «  even  more  drops  enter 
the  liquid,  and  so  on.  The  flame  goes  out  in  some  areas,  but 
the  -  continuing  flow  Of  water  cools  the  liquid  further,  and  even^ 
tually  the  flame  IS  extinguished  entirely. 

Figure  38  illustrates  the  effeGts  of  tbe  water  on  the 
temperature  distribution  in  the  liquids  Of  course ^  the  flame 
is  extinguished  ih  this  Case  only  when  fells  below  the  igni^ 
tion  temperature,  so  this  method  takes  longer  than  the  previous 
one;  moreover,  it  can  work  o^y  for  liquids  of  high  ignition 
temperature,  not  for  volatile  ones.  Here  the  evapOratiph  in 
the  flame  plays  a  vital  part.  The  flame  is  usuaiiy  loeated 
under  the  spray  after  the  initial  period • 

A  poorly  dispersed  flow  of  inadequate  density  does  hot,, 
in  general,  produce  extinction. 

10,  A  malor  part  may  be  played  by  the  steam  formed  at 
the  heated  wall,  which  may  be  at  over  fOO^  near  the  top,  so  the 
heat  flow  to  the  spray  may  be  high.  There  can  be  no  vigorous 
production  of  steam  in  this  way  if  the  liquid  level  is  high, 
for  the  area  is  small  and  the  temperature  is  low.  Conditions 
are  more  favorable  if  the  level  is  low;  the  flame  is  extin^ 
guished  more  readily  and  more  rapidly.  Of  Course,  steam  may 
be  formed  also  at  the  surface  of  the  liquid,  if  the  drops  of 


water  remain  there » 

These  observations  elucidate  all  the  trends  that  have 
been  reported  in  extinction  studies*  Some  further  trends 
ded^cible  from  the  experiments  are  as  follows* 

The  extinction  time  T  is  a  fttnCtion  of  K  (the  dietanGe 
from  sprayer  to  surface);  the  flame  is  not  extinguished  even 
when  the  Water  pressure  p  is  high  if  H  is  small  *  For  example « 
a  p  of  10  atm  did  not  give  extinction  in  one  casei  whereas  much 
lower  p  did  give  extinGtion  under  other  conditions.  The  rea¬ 
son  was  undGUbtedly  that  the  path  was  short  and,  moreover,  only 
the  central  part  of  the  tank  was  vigorously  sprayed  because  H 
was  small;  the  cooling  at  the  edges  was  slight,  and  no  steam 
was  formed  at  the  walls,  So  the  flame  did  not  go  Out*  Ag&±h^ 
the  extinction  was  not  so  rapid  for  distances  in  excess  of  the 
optimum  because  part  of  the  spray  missed  the  burning  area 
or  was  carried  off  by  the  wind* 

Sometimes  the  burning  did  nut  stop  although  the  Surface 
temperature  at  the  axis  was  below  the  flash  point |  because  the 
edges  are  always  hotter  than  the  center*  Glearly^  here  the 
edge  temperature  was  too  high  and  the  spray  density  was  too  low* 
This  illiistrates  the  importance  of  the  distribution  of  the 
Sprayi  which  is  dependeht  on  the  desigh  of  sprayer^  on  the 
pressure,  and  on  the  position  of  the  sprayer* 

It  is  Sometimes  claimed  that  diesel  oil  ^d  kerosehe  are 
better  extinguished  by  coarse  sprays,  but  our  results  do  hot 
Gonfim  this*  for  the  method  is  particularly  effective  at  the 
higher  pressures  *  which  give  fine  Sprays  in  sufficient  volume. 
These  fine  sprays  give  rise  to  much  stesm,  and  the  flame  soon 
goes  out;  steam  is  not  producedi  so  vigorously  if  the  drops  are 
large t  the  process  takes  longer,  and  the  cooling  of  the  liquid 
becomes  important. 

11*  Crude  petroleum  and  benzine  give  rise  to  a  homo-* 
thermal  layer,  which  steadily  becomes  deeper*  This  layer  is 
the  scene  of  vigorous  turbulence*  The  temperature  of  this 
layer  falls  when  the  flame  begins  to  be  extinguished,  and  its 
thickness  is  increased  by  the  stirring  produced  by  ths  water* 

The  convection  dies  away  only  towards  the  end  of  the  extinction^ 
it  is  a  major  impediment  to  the  process • 

Any  measure  that  would  suppress  the  development  of  this 
layer  would  assist  the  process;  the  layer  does  not  develop 
[11,22,253  if  the  wall  is  cooled  with  water  [11,23]*  The  pro¬ 
cess  may  be  accelerated  by  cooling  the  part  of  the  wall  below 
the  surface  of  the  liquid;  cooling  above  the  surface  depresses 
the  production  of  steam  and  so  retards  the  process* 
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12*  Experience  shows  that  burning  benzine  osn  be 
extinguished  with  water  sprayed  pneumatiesilyi  but  the  pressures 
must  lie  within  the  extinOtiGn  region*  Clearlyj  the  need  here 
is  for  an  adequate  amount  of  water  in  the  form  of  a  fine  spray* 
Hbreover,  the  air  injected  into  the  flame  has  an  adverse  effect. 
ExtinGtion  does  not  occur  at  low  water  fiows,  for  the  burning 
is  not  sufficiently  depressed;  moreover,  low  water  pressures 
give  coarse  sprays,  which  are  ineffective,  for  they  do  not  pro- 
;duce  steam  rapidly*  Large  air  flows  give  a  fine  spray,  but 
extinction  does  not  occur,  for  the  air  increases  the  coabustion 
density  and  the  rate  of  evapcratioh  of  the  fuel*  Here  the  air 
acts  much  as  dees  the  wind,  in  that  it  stimulates  the  flame* 

This  means  that  pneumatic  sprayers,  which  in  any  case  demand 
apecial  equipment  for  supplying  the  air,  Should  hot  be  used 
(apart  from  for  certain  special  purposes)* 

Combined  Extinction  of  Oil  Products  Burning  in  Tanks 

We  have  seen  above  that  a  foam  #irst  cools  the  surface 
(and  is  thereby  partly  destroyed)  and  then  covers  the  surface 
with  a  blaidcet  that  largely  suppresses  evaporation.  The  cool^ 
ing  action  may  be  insufficient,  and  the  foam  may  be  rapidiy 
destroyed,  if  the  liquid  has  been  burning  for  a  long  time. 

A  foam  is  far  more  effective  if  the  surface  is  first 
Cooled  in  some  Way;  this  means  that  several  Combined  methods 
are  possible  [6,27^29],  and  these  have  been  studied  by  Petrov 
and  Tsygan  [3,28]  and  by  Petrov  et  al  [12].  We  consider  here 
some  Of  the  results  given  in  [28],  which  relate  to  benzine  burn^ 
ing  in  a  tar*  13Q  cm  in  diameter;  the  fuel  was  first  cpoled 
with  water  sprayed  from  a  special  rotating  sprayer  and  then  was 
treated  with  foam: 
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Here  h  is  the  distance  from  the  surface  to  the  edge  of 
the  tank,  t  is  burning  time,  z  is  the  depth  of  the  homo thermal 
layer  before  the  water  was  applied,  V  is  the  flow  of  water,  t^^ 
is  the  duratibh  of  the  water  spray,  V’  is  the  flow  rate  of  ths 
foam,  and  T  is  the  extinction  time  for  the  foam*  This 
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prei±miaa3Ky  coaiifig  redwed  T  subdtantiai-ly  and^  gav«  extinGtiba 
wb@n  Ih#  |b'am>  alibne  was  unable  to  do  bhis  k 

in  certain  cases  burning  benzine  or  petroieuin  was  Stirred 
with'  an  air  jet  before  treatinent  witb  foam.;  this  again  was  more 
etfective  than  foam  alone  ^  vtirring  is  reasonabiy  effective .«  of 
eoursej  when  the  fuel  has  not  become  heated  throughout  most  of 
its  depth. 

To  conclude t  we  ma^  .  ^int  out  that  diffusion  burning  of 
liquids  in  tanits  has  been  studied  for  Only  two  decades  ^  but  that 
much  experimental  evidence  has  been  accumulated.  This  evidence 
demonstrates  a  number  of  important  principles  and  gives  us  a 
reasonably  clear  picture  of  the  processes  of  ignition^  burningj 
and .  extinction.  All  the  same,  it  must  be  considered  as  Only 
the  first  stage  in  the  construction  of  a  detailed  theory  of  the 
processes » 
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